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ABSTRACT 
 
A deep understanding of the impact of the natural environment on local (< 150 km) 
infrasound propagation is important, specifically for persistent infrastructure monitoring. 
Passively sensing the infrasound field provides useful information about the condition of 
infrastructure or any activity of interest in the infrasound passband. Meteorological profiles 
strongly influence the propagation of an infrasound signal via refraction; therefore, 
understanding the effects of different profiles is crucial for both determining the source of a 
signal and estimating how far away that signal may be readily detected. This paper focuses on 
simplified vertical temperature and wind profiles up to 20 km altitude and their effect on an 
infrasonic signal emanating from an arbitrary point source. A wide-angle, finite-element 
infrasound propagation model that correctly handles discontinuities in wavenumber is used for 
calculating transmission loss. A large number of simulations were performed to investigate the 
effect that meteorological profiles in different layers of the atmosphere have on surface 
transmission loss and to assess the impact of varying these profiles. Wind shear is found to be 
most impactful and it becomes clear that knowing the vertical wind profile is essential for 
determining the source of a received infrasonic signal. If wind shear is weak or non-existent, 
however, knowing the lapse rate in low altitudes to a high degree of accuracy is necessary. An in 
depth discussion and analysis of these results are presented as well as an overview of the 
infrasound propagation model and simplified meteorological profiles used in this study. 
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CHAPTER 1: INTRODUCTION 
 
A deep understanding of the impact of the natural environment on local (< 200 km) 
infrasound propagation is important. Sources of infrasound include large infrastructure, such as 
bridges, explosive events, and natural sources, such as volcanoes and thunderstorms; therefore, 
passively sensing the infrasound field provides useful information about the condition of 
infrastructure or any activity of interest. Infrasound is sound energy comprised of frequencies 
less than the human audible range (< 20 Hz) (Christie & Campus, 2010; Bedard & Georges, 
2000). Owing to the long wavelengths, infrasound experiences significantly reduced atmospheric 
attenuation relative to higher frequencies (Bass, 2006; ISO 9613-1), allowing it to propagate 
extremely long distances (Sorrels et al., 1997) and even circumnavigate the globe. Traditional 
acoustic energy (20 Hz - 20 kHz), however, typically only propagates up to 10 km due to 
atmospheric absorption and terrain interactions with the planetary boundary layer. Regional and 
tele-infrasonic propagation propagates primarily in the stratosphere and thermosphere (de Groot-
Hedlin et al., 2009), although the waves do pass through the boundary layer. Using the acoustic 
assumption that returns occur from an altitude approximately 1/10
th
 of the propagation range, 
local propagation occurs in the boundary layer, the free atmosphere, and in the lower portion of 
the stratosphere. Because of the high temporal variability of meteorological conditions in this 
region, the transmission loss of an acoustic signal can change dramatically, as shown in 
McKenna et al. (McKenna et al., 2008). Therefore, the atmosphere’s characteristics from the 
ground up to an altitude of approximately 20 km is of great importance for infrasound 
propagation in this distance regime (up to 200 km). It is well established that meteorological 
profiles strongly influence the propagation of an infrasound signal (Garcés et al. 1998; Whitaker 
& Norris, 2008; Lihoreau et al., 2006; Evers & Haak, 2009); therefore, understanding the effects 
of different profiles is crucial for both determining the source of a signal and estimating signal 
attenuation. 
Infrasound propagation has been extensively studied in the past as it has considerable 
implications for many areas of interest, some of which include tornado detection and tracking 
(Schecter et al., 2008; Frazier et al., 2014; Bedard, 2005), animal communication (Larom et al., 
1997; Mack & Jones, 2003; Yodlowski et al., 1977), and monitoring of nuclear activity (Christie, 
1999; Pichon et al., 2009; Christie and Kennett, 2007). Many studies are interested in the 
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regional and global propagation of infrasound and focus on meteorological conditions in the high 
stratosphere and thermosphere. In 2003, Drob et al. modeled infrasound propagation using a ray 
tracing method. They found that as much as 20% of the infrasonic energy emitted from a source 
may be ducted in the troposphere and alluded to the importance of the troposphere in detecting 
and locating infrasonic sources (Drob et al., 2003). 
While local infrasound propagation has received more limited attention in the literature, 
there have been some studies that have shed light on its significance for selected applications. 
Downward refraction, or ducting, in the lower troposphere is of great importance to elephants, 
allowing them to communicate with infrasound at distances greater than 200 km at night. Using 
tethersondes, Larom et al. measured vertical temperature and wind profiles up to 300m to model 
local infrasound propagation with the objective of predicting elephant calling distance as a 
function of the measured atmospheric profiles. They found that low level wind shear and 
nighttime surface temperature inversions are the mechanisms contributing to the increase in 
elephant calling distance (Larom et al., 1997). In 2010, Herrin et al. aimed to characterize 
atmospheric profiles associated with local infrasound propagation using field collected data and 
measured vertical temperature and wind profiles. They were able to detect an infrasonic arrival at 
a range of 76 km from the source and attribute it to a surface temperature inversion, however 
most arrivals were refracted from the stratosphere (Herrin et al., 2010). In 2008, McKenna et al. 
used meteorological data sampled every six hours to model infrasound arrivals observed by a 
regional seismo-acoustic array. They found that temperature inversions in the lower atmosphere 
were propagating infrasound signals under a range of 250 km. These inversions can dramatically 
change within hours, which necessitates high temporal sampling of local meteorological data to 
successfully interpret infrasound arrivals (McKenna et al., 2008; McKenna et al., 2012). A 
comprehensive knowledge of the minimum and maximum effects of varying temperature wind 
profiles is needed. 
This study tests the hypothesis that meteorological conditions have a profound effect on 
local infrasound propagation. It begins with a detailed analysis of the impacts of meteorological 
conditions in the atmosphere up to an altitude of 20 km on infrasound propagation. In the work 
presented here, a simplified approach is used to begin to frame the bounds of refractive effects 
and provide insights into the resolution needed to reasonably estimate transmission loss under 
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varying conditions. Here a layered atmosphere approach is used, with linear temperature and 
wind profiles in each layer. This approach was taken to capture the most significant effects of 
meteorology on local infrasound propagation. By varying the lapse rate and wind shear in each 
layer in a systematic way, a picture of the sensitivity of transmission loss to these changes 
emerges. 
First the meteorological representation used in the study is described. Next, a brief 
description of the propagation model is presented. This is followed by an overview of the 
methodology employed. Then results are presented and discussed. Finally, some conclusions and 
recommendations for future work are presented. 
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CHAPTER 2: SETUP AND METHODOLOGY 
 
 This chapter will address the setup and methodology used to solve the research question 
posed at the end of Chapter 1. First, a meteorology overview is presented accompanying a 
description of the simplified three and four-layer atmospheric model implemented for this study. 
This is followed by an overview of acoustic propagation and an explanation and description of 
the infrasound propagation model used, including the critical assumptions made. Finally, an in-
depth breakdown of the methodology is provided in which the details and motivations for each 
step in the investigative process are discussed. 
 
2.1 METEOROLOGY 
 
This study focuses on the influence of dominant vertical temperature and wind gradients 
in a layered medium on local infrasound propagation. To accomplish this, highly simplified 
profiles using linear gradients are used. Lapse rate is used to describe the vertical temperature 
gradients in each atmospheric layer throughout this study. It is defined as the rate at which the 
temperature decreases with height and is calculated as 
              ( 1 ) 
where T is temperature in Celsius and Z is altitude in kilometers. Positive values refer to 
decreasing temperature with height. Wind shear is used to describe the vertical gradients in wind 
speed and direction. It is defined as the change in wind speed and/or direction over a specified 
distance. However, this assumes horizontal homogeneity, so wind shear is used henceforth to 
refer to the change in wind speed and/or direction with height. More specifically, wind shear is 
separated into two components; speed and directional shear. Speed shear describes the change in 
strictly wind speed with height, whereas directional shear describes the change in wind direction 
with height. 
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2.1.1 3-Layer atmospheric model  
 
The real atmosphere can be represented as a complex layered medium. In this study, a 
highly simplified representation of the atmosphere is used. The maximum altitude considered is 
20 km above the surface, corresponding to 1/10
th
 of the maximum horizontal range of interest. 
Within this region, the atmosphere is divided into three distinct layers: the planetary boundary 
layer (PBL), the free atmosphere (FA), and the stratosphere. Each is represented with linear 
vertical gradients in temperature, wind speed, and wind direction throughout the depth of the 
layer. The PBL extends from the surface up to an altitude of 1 km. Lapse rates in this layer will 
vary from +10 to -12 ºC/km, wind speed shear values from 0 to +20 m s
-1 
km
-1
, and wind 
direction shear values from 0 to +180 º/km. The FA extends from 1 km to 11 km. Lapse rates in 
this layer will vary from +10 to 0 ºC/km, wind speed shear values from 0 to +6 m s
-1 
km
-1
, and 
wind direction shear values from 0 to +36 º/km. Finally, the stratosphere begins at 11 km and 
continues up to the top of the calculation space at 20 km. Lapse rates in this layer will vary from 
0 to -5 ºC/km, wind speed shear values from -3 to +3 m s
-1 
km
-1 
and wind direction shear values 
from 0 to +40 º/km. These values were chosen to capture the range of all possible values that 
may exist everywhere on Earth. Table 1 provides a quick reference of nomenclature, extent, 
dominant lapse rates, and wind shear for each layer.  
 
The PBL is the layer of the atmosphere that exists from the surface upwards to as much 
as 3 km in some regions (Stull, 1988). However, as a simplifying assumption, 1 km was chosen 
as a good representative depth as this is the average height of the PBL, especially at mid-
latitudes (Holton, 2004). What differentiates this layer from the rest of the atmosphere is its 
interaction with Earth’s surface. Fluxes of heat, moisture, and momentum from Earth’s surface 
are transported vertically and mixed throughout the depth of the PBL. Mixing of these 
atmospheric variables gives the PBL its unique properties. Because of this, lapse rates can be 
noticeably different from the rest of the atmosphere separating it from the FA. This vertical 
mixing along with wind shear-induced turbulence play a large role in determining its depth. 
Solar radiation also plays a significant role in the development and evolution of the PBL, 
specifically the properties of the temperature profile within it. Areas that receive strong solar 
radiation tend to see deeper PBL’s and stronger lapse rates (Stull, 1988). Solar radiation during 
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the day heats the surface of the Earth more than the overlying air, which leads to positive lapse 
rates during the day. At night, solar heating shuts off and the surface starts to cool through 
emission of longwave radiation. Cooling is strongest at the surface, which leads to negative lapse 
rates in the PBL during the nighttime. Lapse rates can vary from ~9.8 ºC/km in the middle of the 
day to -12 ºC/km in the early morning just before sunrise. 9.8 ºC/km is the natural upper limit for 
positive lapse rates in the atmosphere and is known as the dry adiabatic lapse rate. This is the 
rate in which dry air that is lifted adiabatically (no heat is exchanged with the environment) cools 
with height (Petty, 2004).  Winds in the PBL are highly variable. Wind direction and wind speed 
magnitude can greatly change with altitude leading to high values of speed and directional wind 
shear. However, there can also be low or even no wind shear in the PBL depending on the 
weather conditions and geography at the location of interest. 
 
The FA is the layer of the troposphere that exists above the PBL and is free from the 
influence of Earth’s surface. In the real atmosphere, the top of the FA (tropopause) can be as 
shallow as 8 km in polar regions or as deep as 16 km in the tropics with an average depth of 11 
km (Pidwirny, 2006). In this study, it is defined from 1 km above the surface, i.e. the top of the 
PBL, to 11 km as this is a good representative depth. Wind speeds can significantly change 
throughout the FA. While in general they tend to acquire a more westerly component with 
height, the wind speed difference between the top and bottom of the FA can be 50 m/s or greater. 
Lapse rates in this layer are usually similar to or weaker than lapse rates in the PBL and are 
almost always positive. They can be as large as +10 ºC/km or little as 0 ºC/km. On average, the 
mean lapse rate in the FA is +6.5 ºC/km according to the International Standard Atmosphere 
(ISO 2533:1975). Temperatures naturally decrease with altitude in the troposphere due to the 
strong solar heating at the surface and decreasing air density with height.  
 
The stratosphere is the third and highest layer in the 3-layer atmospheric model used in 
this study. It is defined from the top of the FA (tropopause) at 11 km to the top of the calculation 
space at 20 km. This layer typically extends to about 47 km above the surface in the real 
atmosphere. Wind shear is minimal in this layer. Wind direction is almost always westerly 
without much change in direction and speeds gently taper off above the tropopause with speed 
shear values rarely exceeding ±3 m s
-1 
km
-1
. Lapse rates, however, switch from mainly positive 
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in the FA to zero or negative in the stratosphere due to the heating effects of ozone in this layer. 
Lapse rates are not as variable as in the troposphere, however values of 0 to +5 ºC/km are 
investigated for completeness. FA and stratosphere layer depths were obtained from the 
International Standard Atmosphere (ISO 2533:1975). 
 
2.1.2 4-Layer atmospheric model 
 
A relatively shallow fourth layer is included in a portion of this study to investigate the 
effects of capping, subsidence/frontal, and nocturnal inversions. These are referred to as 
inversion layers where lapse rates change from positive to negative in the troposphere (Wallace 
& Hobbs, 2006). They are usually shallow features about 500 meters deep or less where lapse 
rates can be as strong as –12 ºC/km. Inversions can result from several different processes. One 
of the more common types of inversions is known as a capping inversion that sits atop of the 
PBL and acts as a “cap” for vertical air motions (Petty, 2004). This is especially common in the 
central part of the United States where warmer, and typically drier, air from the high plains is 
advected over the existing PBL in lower elevation regions to the east. Another common type of 
inversion is a subsidence inversion that can occur above the PBL and capping inversion. These 
are found frequently in areas of high pressure where air gradually sinks and warms through 
adiabatic compression (Petty, 2004). Frontal inversions can also be found in the mid FA in the 
vicinity of fronts. Fronts slope back over the cold air, so following the passage of a surface cold 
front, warm air still exists above the surface front at higher altitudes. The frontal inversion occurs 
at the altitude where cold air transitions to warmer air leading to an inversion in the FA layer 
(Wallace & Hobbs, 2006). The most common inversion develops overnight in the PBL and is 
most prominent just before sunrise. This is known as a nocturnal inversion. The best local 
infrasound propagation has been experimentally observed under these circumstances (McKenna 
et al., 2008). When the sun sets and radiational heating shuts off, Earth’s surface begins to cool 
fairly rapidly. This cooling grows throughout the nighttime from the surface vertically upward 
resulting in the inversion layer extending as high as 1 km above the surface. Clear skies and calm 
winds at night are ideal conditions for strong nocturnal inversions (Wallace & Hobbs, 2006). The 
four-layer model is summarized in Tab. 2. 
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2.2 INFRASOUND PROPAGATION 
 
A basic understanding of acoustic propagation is useful in interpreting the findings of this 
study. Propagation of an acoustic signal is strongly influenced by the atmospheric conditions. 
Vertical temperature and wind profiles can lead to drastic changes in propagation due to their 
refractive effects (McKenna et al., 2008; McKenna et al., 2012; Evers & Haak, 2009). This 
atmospheric refraction can result in up to a 50 dB change in measured level (Valente et al., 
2012). For reference, a change of 10 dB doubles the perceived loudness of a signal. The vertical 
sound speed profile is defined as  
      ( 2  
where  is the effective sound speed,  is temperature in K,  is wind speed in m/s,  is 
the direction of propagation relative to the surface wind direction in degrees, and  is the 
wind direction in degrees.  and  are the effective sound speed and temperature constants, 
respectively, where  = 343.2 m/s and  = 293.15 K. This is ultimately what determines the 
refraction. Sound bends toward areas where the sound speed is slowest. This means that a signal 
is refracted upward if the sound speed decreases with height and refracted downward if sound 
speed increases with height. An example of this is provided in Figs. 1 and 2. When downward 
refraction occurs, regions of locally enhanced sound level can arise owing to signal interference. 
This can induce complicated propagation patterns where the signal is louder further from the 
source than areas closer to it. These interference patterns are exhibited in Figure 2b. The 
aforementioned sound speed profile is largely determined by the vertical temperature and wind 
profile such that positive (negative) lapse rates and decreasing (increasing) wind speed with 
height result in decreasing (increasing) sound speed with height. To summarize, non-zero lapse 
rates and wind shear produce a vertical sound speed gradient, which then induces atmospheric 
refraction. 
 
2.2.1 Infrasound propagation model 
 
Infrasound propagation in the atmosphere is modeled using a finite element 
representation of the parabolic equation (PE) written by Dr. Michelle Swearingen (Swearingen et 
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al., 2016) and implemented in MATLAB. The formulation handles discontinuities in density and 
wavenumber by explicitly solving for the physical interface conditions, continuity of pressure 
and continuity of normal component of particle velocity, at every height in the computation 
space. This development follows Huang (Huang, 1988) and Lee & Seigmann (Lee & Seigmann, 
1995). A more detailed description of the algorithm used here is available in Swearingen et al., 
2016. 
 
The infrasound propagation space is defined by a horizontal range of 200 km and 
extending from the surface to an altitude of 20 km. The horizontal range was chosen to 
correspond to local propagation of infrasound. We calculate propagation in the vertical to 1/10
th
 
of the horizontal range. Therefore, 20 km was chosen as the vertical extent of the propagation 
space. This height was tested by examining simulations using greater altitudes and was found to 
be sufficient for local infrasound propagation at 5 Hz. The surface is assumed to be flat and 
acoustically rigid (perfectly reflecting) and a radiation condition (no reflections) is placed at the 
highest altitude. An absorbing layer with a minimum of 10 wavelengths using the perfectly 
matched layer (PML) method (Yevick 2000) is added to the top of the calculation space to 
ensure there are no spurious reflections. These simplifying assumptions are implemented to best 
capture refraction effects. An infrasonic harmonic point source with a frequency of 5 Hz and 
represented with Gaussian spatial dependence is located at 2 m above the surface. Receivers are 
assumed to be on the surface. This source height was selected to represent a source near, but not 
on, the ground. Relative humidity is set at 50 for use in atmospheric absorption, which is 
included according to ISO 9613-1; at 5 Hz, the attenuation at 200 km is calculated to be 
approximately 6 dB. Density is allowed to vary with height according to the hypsometric 
equation and is calculated as  
            ( 3 ) 
 
where  is density in kg/m
3
,   is mean temperature in K of the layer from altitude  to , and 
Z is altitude in m.  and R are the acceleration due to gravity and specific gas constant of dry air, 
respectively, where  = 9.81 m/s
2
 and R = 287 J kg
-1
 K
-1
. 
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In addition to source frequency and ground condition (flat and rigid), atmospheric 
profiles of temperature, wind speed, wind direction, density, and atmospheric pressure as a 
function of height above ground are provided as model inputs. From this, pressure is calculated 
and output at each height and range step in the 2-D propagation space.  
 
2.3 METHODOLOGY 
 
The parameter of greatest interest for this study is transmission loss (TL) at the surface. 
This is a good way to express the influence of the propagation path of the signal. Transmission 
loss is defined as the loss, in negative decibels, relative to a unit source at the origin. For 
example, a TL of - 60 dB means that the level is reduced by 60 dB relative to the source. 
Transmission loss is calculated as 
         ( 4 ) 
where p is sound pressure in N/m
2
 at the location of interest and pref is sound pressure in N/m
2
 at 
the origin (Jensen 2011). In this study, pref  N/m
2
, representing a unit source. Because sound 
pressure decays with distance, values of TL are always negative. 
 
The previously described three and four-layer atmospheric model are used in a series of 
simulations designed to analyze the TL field of an infrasonic signal emanating from an arbitrary 
point source in an atmosphere consisting of differing temperature and wind profiles. The surface 
is acoustically rigid. A radiation condition and absorbing layer are introduced at the top of the 
calculation space. The calculation space extends to 200 km in horizontal range and 20 km in 
altitude. A frequency of 5 Hz is analyzed. This is chosen as a good representative sample in the 
infrasonic frequency range. TL at the surface is examined to explore the relative effects of each 
atmospheric layer.  At first, wind is neglected to isolate the relative effects of temperature. Wind 
is then added to understand how the coupling of wind and temperature effect infrasound 
propagation. Lastly, contour plots of surface TL will be examined to compare effects of varying 
different parameters in two different layers and identify regions where these parameters must be 
accurately known.  
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2.3.1 Influence of individual atmospheric layers, Tests 1-3 
 
Initial tests consisting of commonly occurring temperature profiles in the real atmosphere 
were performed to begin examining infrasound propagation characteristics under a set of 
“typical” conditions. Next, each atmospheric layer was systematically tested to determine the 
influence of varying lapse rates on surface TL. If a certain layer was found to have insignificant 
effects on surface TL, it would allow the lapse rate for that layer to be fixed for the remaining 
simulations in the study. Because the stratosphere is farthest from the surface, it was 
hypothesized that it would have the least effect on surface TL and therefore was chosen to be the 
focus for Test 1. In this test, the same seven tropospheric (PBL and FA) temperature profiles 
were tested for three different stratospheric lapse rates (-1, -3, -5 ºC/km). These stratospheric 
lapse rates were chosen to cover the range of strengths possible throughout the depth of this layer 
in the real atmosphere. The tropospheric profiles consisted of three upward refracting profiles, 
three downward refracting, and one isothermal. Next, Test 2 focused on the effects of FA lapse 
rates as this layer is the next farthest from the surface. For this test, four different FA lapse rates 
(+9.8, +6.5, +3, 0 ºC/km) were compared. These lapse rates cover a good representative range of 
possible lapse rates in the FA. 9.8 ºC/km was chosen as this is the dry adiabatic lapse rate and is 
the strongest that can be achieved in the real atmosphere. 6.5 ºC/km was chosen because the 
International Standard Atmosphere provides this as the global average lapse rate in the 
troposphere. Each was run with the same three PBL and stratospheric temperature profiles: One 
upward refracting profile, one downward refracting, and one in which the PBL and stratospheric 
lapse rates are 0 ºC/km (isothermal). Finally, Test 3 isolated the PBL. Six different PBL lapse 
rates (+12, +9.8, +6.5, -2, -5, -10 ºC/km) were compared. Again, these lapse rates provide a good 
representative range of possible upward and downward refracting PBL atmospheres. For each 
PBL lapse rate, a simulation was performed using two FA and stratospheric temperature profiles. 
One of these profiles is isothermal and the other is upward refracting. Table 3 provides a clear 
visualization of the set up for Tests 1-3 for reference. 
 
 
 
 
12 
 
2.3.2 Influence of individual atmospheric layers, Tests 4-5 
 
After each layer in the 3-layer model was individually tested, a shallow 4
th
 layer was 
added. This is a 250 meter-deep capping inversion placed at the top of the PBL at 1 km altitude. 
This means the FA is now defined from 1.25 km to 11 km. Test 4 investigated how much of an 
effect these shallow capping inversions, which are common in the real atmosphere, have on TL 
at the surface. To do this, a strong cap (-12 ºC/km) and a relatively weak cap (-4 ºC/km) were 
tested with the same set of profiles (PBL, FA, stratosphere) to understand its effects in differing 
temperature profiles. These capping inversion lapse rates were tested in two upward and 
downward refracting profiles as well as one isothermal profile for reference. Test 5 investigated 
the inclusion of an inversion located higher in the FA. For this test, the 250 meter-deep inversion 
was lifted from 1 km to 4 km to represent a subsidence/frontal inversion. Because of this, the FA 
is split into two sub layers. FA1 is defined from 1 km to 4 km and FA2 from 4.25 km to 11 km. 
The same lapse rates and temperature profiles were used here as in Test 4. Table 4 provides a 
clear visualization of the set up for Tests 4-5 for reference.  
 
2.3.3 Comparing lapse rate in two layers, Tests 6-9 
 
 After systematically testing each individual layer, a series of contour plots were 
generated for all remaining tests to better compare the relative influence of lapse rates in two 
different layers. These plots provide better insight into how well lapse rates need to be estimated 
in a certain layer. For each test, five plots were produced to examine surface TL at a range of 10, 
50, 100, 150, and 200 km from the source. The values plotted were calculated using a 500-meter 
average centered on the range of interest. This was done to capture the average TL rather than an 
arbitrary point on a curve oscillating about a mean. These sometimes strong oscillations are, in 
part, a computational artifact of the idealized system. This type of oscillation is real, but too 
strong in our simple model. Figure 3 provides an example of these oscillations. Lapse rates vary 
in 1 ºC increments for all tests hereafter unless otherwise specified.  
 
To start, Test 6 compared the PBL and FA to investigate the relative influence of FA 
lapse rates to PBL lapse rates. In this test, the FA lapse rate varies from +10 to 0 ºC/km on the y-
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axis and the PBL lapse rate varies from +12 to -12 ºC/km on the x-axis. This captures all 
possible tropospheric temperature profiles. Test 7 was set up similar to Test 6 except the PBL 
lapse rate varies from +6 to 0 ºC/km in 0.5 ºC increments in order to take a closer look at the 
sensitivity of PBL lapse rates in that region. Next, PBL lapse rates are compared to capping 
inversion (cap) lapse rates in Test 8. In this simulation the PBL lapse rate varies from +12 to -12 
ºC/km and the cap lapse rate varies from -2 to -12 ºC/km. The FA and stratosphere lapse rates are 
fixed at +6.5 and -1 ºC/km respectively, which are the global average lapse rates provided by the 
International Standard Atmosphere (ISO 2533:1975). Lastly, Test 9 investigated the importance 
of FA lapse rates above an existing capping inversion to determine if the atmosphere above a 
temperature inversion needs to be considered. This was done with an upward refracting PBL (6.5 
ºC/km) first and then with a downward refracting PBL (-4 ºC/km). The cap lapse rate varies from 
-2 to -12 ºC/km on the x-axis and the FA lapse rate varies from +10 to ºC/km on the y-axis. 
Table 5 provides a clear visualization of the set up for Tests 6-9 for reference. 
 
2.3.4 Comparing wind shear in two layers, Tests 10-11 
 
The inclusion of wind shear begins with Test 10. Contour plots similar to the plots 
produced in Tests 6-9 were analyzed to investigate the sensitivity of changes in wind shear 
(speed and directional) in two different layers. Each test consisted of 80 separate contour plots. 
For each test, speed and directional shear were separately tested for five different temperature 
profiles: Two upward refracting, two downward refracting, and one isothermal. The two upward 
refracting temperature profiles were split into a relatively weakly refracting profile (PBL: +3 
ºC/km, FA: +3 ºC/km, Stratosphere: -1 ºC/km) and a stronger refracting profile (PBL: +6.5 
ºC/km, FA: +6.5 ºC/km, Stratosphere: -1 ºC/km). The two downward refracting temperature 
profiles were treated similarly with one weakly refracting profile (PBL: -2 ºC/km, FA: +3 ºC/km, 
Stratosphere: -1 ºC/km) and one strongly refracting (PBL: -10 ºC/km, FA: +3 ºC/km, 
Stratosphere: -1 ºC/km). The isothermal temperature profile consisted of lapse rates of 0 ºC/km 
throughout all layers. For each speed shear simulation, two more simulations were performed: 
one with no directional shear and one with high directional shear. Similarly, for each directional 
shear simulation, two simulations were performed: one with no directional shear and one with 
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high directional shear. Additionally, each individual simulation was run with 4 different acoustic 
propagation directions relative to the surface wind direction:  
1. Parallel  
2. Antiparallel  
3. 90º perpendicular  
4. 270º perpendicular.  
 
The objective of Test 10 is to test the relative importance of stratospheric wind shear on 
surface transmission loss by comparing it to wind shear in the troposphere. Because of this, the 
PBL and FA are combined so that only two layers (PBL+FA and Stratosphere) comprise the 
wind profiles. This simplifies the wind shear profile; however, the temperature profile still 
contains three layers. Speed shear values in the troposphere vary from 0 to 6 m s
-1 
km
-1 
in 1 m s
-1 
km
-1 
increments and directional shear values from 0 to 30 º/km in 5 º/km increments. 
Stratospheric speed shear values vary from -3 to 3 m s
-1 
km
-1
 in 1 m s
-1 
km
-1 
increments and 
directional shear values from 0 to 40 º/km in 5 º/km increments. For simulations that allow speed 
shear to vary, the tropospheric directional shear is fixed at 360º /11 km (to represent full 360º 
rotation of the wind vector throughout the 11 km-deep troposphere) or 0 º/km to capture the 
effects of speed shear in both a high directional shear and no directional shear profile, while the 
stratospheric directional shear is fixed at 0 º/km. For simulations that allow directional shear to 
vary, the tropospheric speed shear is fixed at 6 or 0 m s
-1 
km
-1 
to capture the effects of directional 
shear in both a high speed shear and no speed shear profile, while the stratospheric speed shear is 
fixed at 0 m s
-1 
km
-1
. 
 
The three-layer wind profile is implemented again in Test 11 so that the FA and PBL 
shear effects may be understood. In this test, speed shear values vary from 0 to 25 m s
-1 
km
-1 
in 5 
m s
-1 
km
-1 
increments in the PBL and from 0 to 6 m s
-1 
km
-1
 in 1 m s
-1 
km
-1
 increments in the FA. 
Directional shear values vary from 0 to 180 º/km in 30 º/km increments in the PBL and 0 to 36 
º/km in 6 º/km increments in the FA. For simulations that allow speed shear to vary, the PBL and 
FA directional shear is fixed at 360º /11 km and 0 º/km to capture the effects of speed shear in 
both a high directional shear and no directional shear profile, while the stratospheric directional 
shear is fixed at 0 º/km. For simulations that allow directional shear to vary, the PBL and FA 
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speed shear is fixed at 6 m s
-1 
km
-1
 and 0 m s
-1 
km
-1
 to capture the effects of directional shear in 
both a high speed shear and no speed shear profile, while the stratospheric speed shear is fixed at 
0 m s
-1 
km
-1
Table 6 provides a clear visualization of the set up for Tests 10-11 for reference. 
Increments of the varying shear values in each layer are specified as well.  
 
2.3.5 Comparing lapse rate and wind shear, Tests 12-17 
 
Tests 10 and 11 compared wind shear in two different layers. The next set of tests 
compare lapse rate in one layer to wind shear (speed and directional) in another. These are set up 
the same as Tests 10-11, but with layer lapse rate on the x-axis. PBL lapse rates vary from +12 to 
-12 ºC/km, FA lapse rates from +10 to 0 ºC/km, and inversion lapse rates from -12 to 0 ºC/km in 
1 ºC/km intervals on the x-axis. The stratosphere lapse rate is always fixed at -1 ºC/km. PBL 
speed shear varies from 0 to 25 m s
-1 
km
-1
 in 5 m s
-1 
km
-1 
increments and directional shear varies 
from 0 to 180 º/km in 30 º/km increments for Tests 12, 14, and 16 in which PBL wind shear is 
compared to lapse rates in the PBL, FA, and capping inversion respectively. FA speed shear 
varies from 0 to 6 m s
-1 
km
-1 
in 1 m s
-1 
km
-1 
increments and directional shear varies from 0 to 36 
º/km in 6 º/km increments for Tests 13, 15, and 17 in which FA wind shear is compared to lapse 
rates in the PBL, FA, and capping inversion respectively. For each of these tests, PBL and FA 
directional shear is fixed at 360º /11 km and 0 º/km when speed shear is allowed to vary and 
speed shear is fixed at 6 and 0 m s
-1 
km
-1
 when directional shear is allowed to vary. When speed 
(directional) shear is allowed to vary in a certain layer, speed (directional) shear values in the 
remaining layers are fixed at 0 m s
-1
 km
-1
 (º/km) to isolate the relative effects of one individual 
layer. Table 7 provides a clear visualization of the set up for Tests 12-17 for reference. The plots 
and tests described above are presented in the next section accompanying a discussion of the 
results found. 
 
Table 1: Layer definitions and abbreviations used in this study for the 3-layer atmospheric model. 
Atmospheric Layer Abbreviation Altitude Range Lapse Rate (+/-) 
Planetary Boundary 
Layer 
PBL Surface - 1  
Day: + 
Night: - 
Free Atmosphere FA 1  - 11  + 
Stratosphere Stratosphere 11  - 47  - 
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Table 2:  Layer definitions and abbreviations used in this study for the 4-layer atmospheric model. 
Atmospheric Layer Abbreviation Altitude Range 
Lapse Rate 
(+/-) 
Planetary Boundary 
Layer 
PBL Surface - 1 km 
Day: + 
Night: - 
Free Atmosphere FA 1 - 11 km + 
Stratosphere Stratosphere 11 - 47 km - 
Inversion 
Cap/Subsidence 
Inversion 
Cap: 1 - 1.25 km 
Subsidence: 4 - 4.25 km 
- 
 
 
 
 
 
 
 
 
 
Table 3. Tests 1-3 set up and layer lapse rates. These 
tests are performed with a 5 Hz signal. 
Table 4. Tests 4-5 set up and layer lapse rates. These tests are 
performed with a 5 Hz signal. 
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Table 5. Tests 6-9 set up and layer lapse rates. These tests are performed with a 5 Hz signal. 
Table 6. Tests 10-11 set up. Layer lapse rates and wind shear values. These tests are performed with frequencies of 1, 2, 5, 
and 10 Hz. 
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Table 7. Tests 12-17 set up. Layer lapse rates and wind shear values. These tests are performed                  
with frequencies of 1, 2, 5, and 10 Hz. 
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Figure 1. Example of upward atmospheric refraction. Sound speed decreases with height (a) focusing the acoustic energy 
upwards (b). 
Figure 2. Example of downward atmospheric refraction. Sound speed increases with height (a) focusing the acoustic energy 
down towards the surface (b). Arrows point to areas of signal interference. 
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Figure 3. Surface transmission loss showing oscillations about the mean. 
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CHAPTER 3: RESULTS AND ANALYSIS 
 
Meteorological profiles strongly influence the propagation of an infrasonic signal (Larom 
et al., 1997; Lihoreau et al., 2006). Knowing how vertical profiles in temperature and wind affect 
propagation is instrumental in determining the source and distance of a detected signal 
(McKenna et al., 2008). This information is of considerable use in many applications, 
specifically for persistent infrastructure monitoring. This study aims to identify which layers of 
the atmosphere most significantly affect local infrasound propagation and to provide greater 
insight into how accurately temperature and wind profiles must be known to correctly estimate 
information about the source of the signal. 
 
This chapter begins by investigating local infrasound propagation in atmospheres 
consisting of simplified linear temperature profiles. First, each layer in the three-layer model is 
systematically tested to gain a general understanding of the relative effects differing lapse rates 
have on surface transmission loss (TL). Tests 1 – 3, described in Sec. 2.3.1, specifically focus on 
the stratosphere, FA, and PBL respectively. Once this is accomplished, a fourth inversion layer is 
added in Tests 4 and 5, described in Sec. 2.3.2, to investigate the effects of a capping and 
fontal/subsidence inversion in the troposphere. To start each test, a brief qualitative analysis is 
performed to obtain an idea of the full 2-D propagation in certain temperature profiles. This is 
followed by a more thorough quantitative analysis of surface TL. These first tests provide good 
insight into the relative significance of each layer to TL at the surface. Tests 6-9, described in 
Sec. 2.3.3, compare two of these layers directly in the form of contour plots. Layer lapse rates are 
allowed to vary on the x and y axes so that all possible temperature profiles are considered. The 
objective here is to gain a better understanding of the sensitivity of surface TL to changes in 
lapse rates and understand how accurately lapse rates need to be known in a certain layer to 
estimate surface TL. After a thorough understanding of temperature effects is achieved, vertical 
profiles of wind speed and direction are added to represent wind shear. Tests 10 and 11, 
described in Sec. 2.3.4, utilize the aforementioned contour plots, however layer wind shear 
values (speed and directional shear) vary on the axes to directly compare wind effects in each 
layer. Finally, tests 12 – 17, described in Sec. 2.3.5, compare layer lapse rates to layer wind shear 
by allowing lapse rates to vary on the y-axis and wind shear on the x-axis. Not only do these tests 
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provide a more efficient visualization of how surface TL is effected by varying lapse rates and 
wind shear in two different layers, but also a better understanding of the relative magnitude of 
the effects of each layer.  
 
3.1 TEMPERATURE 
 
 The effects of the adiabatic sound speed profile, which includes temperature and excludes 
wind, are examined in this section. The objective here is to obtain a basic comprehensive 
understanding of temperature affects alone without concern for simulating a realistic atmosphere. 
A 5 Hz infrasonic signal was chosen as a good representative frequency that potentially 
propagates to ranges of 200 km while is still clearly influenced by refraction. Each layer in the 
three and four-layer atmospheric model is methodically tested for its individual effect on surface 
TL in differing linear temperature profiles. These tests are necessary as results from these 
simulations allow for the simplification of more complicated tests later on. First, the stratosphere, 
FA, and PBL are examined consecutively. Then a fourth layer is added to investigate the 
addition of shallow capping and frontal/subsidence inversions in the troposphere. Finally, 
contour plots are presented to visualize and quantify the relative of effects of two different layer 
lapse rates. Tests 1-9 are discussed in this section and can be referenced in Tabs. 3, 4, and 5. 
3.1.1 Single layer tests 
 To start, the impacts of varying lapse rates in the stratosphere are analyzed in Test 1. 
Three different stratospheric lapse rates (-1, -3, -5 ºC/km) are compared. The details of Test 1 are 
illustrated in Table 3. 
  
The results of this test show very little effect from the stratosphere. Figure 4a shows that, 
for an upward refracting PBL, the surface TL curve is completely identical for stratospheric 
lapse rates of -5 and -1 ºC/km up to a range of approximately 40 km from the source of the 
infrasound signal. At this point, surface TL exceeds 140 dB and the curves start to diverge; 
however, very few signals would be strong enough initially to be detected after a 140 dB 
reduction in level, so this divergence is not considered important. Because of this, surface 
transmission loss plots presented henceforth will be truncated at 140 dB on the y-axis. Also 
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important to remember is that these calculations are performed under highly idealized conditions. 
In these simulations, lapse rate is held constant within each layer. In the real atmosphere, it 
varies on a much finer scale. Additionally, stratospheric lapse rates of -5 ºC/km throughout the 
depths used here are not found in the real atmosphere, so any differences between the two curves 
in Fig. 4a are an extreme upper limit. Figure 4b shows no difference in the transmission loss 
curves for a stratospheric lapse rate of -1 and -5 ºC/km in a downward refracting PBL. From Fig. 
4, it can be concluded that stratospheric lapse rates have a negligible effect on surface TL values, 
especially for profiles with a downward refracting PBL. This allows the stratospheric lapse rate 
to be fixed at -1 ºC/km for the remaining tests in this study (excluding isothermal profiles), 
thereby simplifying further analyses.  
Next, Test 2 investigates how lapse rates in the FA affect surface TL. Four different FA 
lapse rates (9.8, 6.5, 3, and 0 ºC/km) are compared. The details of Test 2 are illustrated in Tab. 3. 
Figure 5 shows surface TL for four different FA lapse rates (9.8, 6.5, 3, 0 ºC/km) in three 
different PBL and stratosphere temperature profiles (upward refracting, downward refracting, 
and isothermal). Figure 5a shows surface TL exceeding 140 dB at ranges of approximately 45 to 
50 km for all FA lapse rates. As discussed with Fig. 4a, 140 dB of TL would lower most 
infrasound signals to below the noise floor of standard, so only ranges where TL is less than 140 
dB will be analyzed. All curves maintain similar TL until a range of approximately 20 km from 
the signal and then diverge slightly. This divergence has its maximum effect at approximately 50 
km where the signal starts to realistically become undetectable. At this point, it may not appear 
as though there is a significant difference, but it is important to remember that the ranges plotted 
on the x-axis are in units of kilometers. The isothermal FA curve reaches a range of 52 km and 
the 6.5 ºC/km FA curve extends to 48.5 km. This means that the difference in the horizontal 
extent of the source signal between an isothermal and strongly upward refracting FA could be on 
the order of 3.5 km. It can be concluded that the FA has little, but notable effect at ranges where 
signals may be detectable in the presence of an upward refracting PBL. All curves in Fig. 5b are 
almost identical for all ranges implying that the FA has no significant effect on surface TL above 
a downward refracting PBL. Figure 5c compares all four FA lapse rates in a temperature profile 
consisting of an isothermal PBL and stratosphere. All curves other than the completely 
isothermal curve behave very similarly. Recalling that the completely isothermal profile is highly 
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idealized and unrealistic, it can be said with confidence that the FA has no significant effect on 
surface TL when the PBL and stratospheric lapse rates are 0 ºC/km. These results suggest that 
lapse rates in the FA have little effect on surface TL, especially above downward refracting 
PBL’s (e.g. nocturnal inversions), but could have an impact at shorter ranges (~50 km) for an 
upward refracting PBL. 
 The PBL is the last layer in the three-layer model to be tested. In Test 3, six different 
PBL lapse rates are compared to assess the sensitivity of surface TL to PBL lapse rates. The 
details of Test 3 are illustrated in Tab. 3. 
 
The positive PBL lapse rates resulted in upward refraction and the negative PBL lapse 
rates resulted in downward refraction. Figure 6 shows surface TL for the six different PBL lapse 
rates in order to illustrate the difference between strongly and weakly upward refracting PBL’s 
as well as differing strengths of nocturnal inversions. For all of these, the FA lapse rate is set at 
6.5 ºC/km and the stratospheric lapse rate is set at +1 ºC/km. There is slightly less TL and more 
spatial variability for stronger negative lapse rates (Tab. 8). These negative PBL lapse rates 
represent nocturnal inversions. In reality, these inversions don’t extend the entire depth of the 
PBL, however, these results suggest that stronger nocturnal inversions generate stronger 
downward refraction and therefore decreased attenuation at the surface. From this, it can be 
inferred that surface TL will be lower later in the nighttime as the nocturnal inversion grows and 
strengthens. Examining the upward refracting PBL lapse rates, we see that stronger PBL lapse 
rates (i.e. more positive) result in decreasing horizontal extent of the source signal. A signal may 
still be detectable out to almost 80 km from the source for a PBL lapse rate of 3 ºC/km, however, 
the signal may not even reach 40 km propagating through a PBL with a lapse rate of 9.8 ºC/km. 
This test has shown that the PBL has a significant effect on surface transmission and overall 
signal propagation for both positive and negative lapse rates. 
 
 Once each layer in the three-layer model is examined, a shallow fourth layer is added. 
Test 4 investigates the effect of a 250 meter-deep capping inversion placed at 1 km altitude atop 
the PBL. Because of the addition of this layer, the FA is now defined from 1.25 to 11 km. In this 
test, two different capping inversion lapse rates are compared: a strong cap (-12 ºC/km) and 
relatively weak cap (-4 ºC/km). This is represented clearly in Tab. 4.  
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There was a slight difference in mean surface TL between the weaker and stronger caps 
when looking at the isothermal profiles (-88.4 dB for -4 ºC/km and -85.1 dB for -12 ºC/km). The 
main difference, however was in the spatial variability. Figures 7a and 7b show the TL field over 
the entire 2-D calculation space for a capping inversion with a -4 ºC/km lapse rate (Fig. 7a) and 
one with a -12 ºC/km lapse rate (Fig. 7b). The stronger capping inversion lapse rate exhibits 
noticeably stronger downward refraction, which resulted in much higher spatial variability in 
surface TL (Fig. 7c).  
 
Above an upward refracting PBL, the capping inversion has a significant effect. The 
stronger capping inversion is more efficient at trapping the acoustic energy at the surface. This is 
shown in Fig. 8a where the -12 ºC/km capping inversion diverges significantly from the weaker -
4 ºC/km capping inversion between 20 and 80 km from the source as indicated by the black box. 
Between approximately 30 and 60 km, the mean difference in surface TL between the weak and 
strong capping inversion is 15 dB. Additionally, the signal extends ~20 km further from the 
source for the stronger cap. Figure 8b compares the same capping inversions, but above a 
downward refracting PBL. The effect of the capping inversion is significantly diminished in this 
case. There is virtually no difference in surface transmission loss between a weak and strong 
capping inversion. 
 
 Figure 9 compares varying PBL lapse rates while holding the capping inversion lapse rate 
constant at -12 ºC/km. Figure 9a clearly illustrates that surface TL increases with increasingly 
positive PBL lapse rates. This suggests that the downward refracting effect from capping 
inversions increases significantly with weaker PBL lapse rates. The source signal propagates < 
80 km before becoming undetectable with a 6.5 ºC/km PBL lapse rate, however, when the PBL 
lapse rate decreases to 3 ºC/km the signal clearly propagates out to at least 200 km from the 
source with minimal transmission loss. Examining the downward refracting profiles (nocturnal 
inversion below capping inversion) in Fig. 9b suggests that varying negative PBL lapse rates has 
some effect on surface TL during the presence of a capping inversion. The effect is small, but the 
difference in mean surface TL between an isothermal and strongly downward refracting PBL is 
8.4 dB, which is significant. This test has shown that not only is the strength of a capping 
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inversion important, but differing strengths of PBL lapse rates below the cap have a considerable 
impact on surface TL, especially for upward refracting PBL’s. 
 
 Next, Test 5 raises the 250 meter-deep inversion to 4 km to represent a frontal/subsidence 
inversion higher in the atmosphere. The goal here is to understand the sensitivity of surface TL 
to inversions at different heights and quantify the difference between an inversion at 1 and 4 km. 
The set up for Test 5 is identical to Test 4 other than the height of the inversion layer. The details 
of this test are referenced in Tab. 4. 
 
Again, the isothermal cases revealed little noticeable difference in mean surface TL at 5 
Hz. Different frequencies in the infrasound passband may exhibit different results, however. The 
stronger inversion exhibited stronger downward refraction leading to greater spatial variability in 
surface transmission loss (Fig. 10). These results are similar to Test 4 shown in Fig. 7. 
Comparing the different subsidence/frontal inversion lapse rates in the upward refracting PBL 
profile also shows similar results to the capping inversion in Test 4, however, varying the 
strength of the inversion has less of an effect on surface TL for the higher inversion (Fig. 11a). 
The two curves in Fig. 11a start to diverge significantly at approximately 40 km where the mean 
surface TL difference between the weak and strong subsidence/frontal inversion is 4.5 dB. 
Comparing this to the mean surface TL difference of 15 dB in the capping inversion case and 
considering the smaller set of ranges in which the subsidence/frontal inversion has an effect (40 
– 70 km), it can be concluded that the effect on surface TL from varying inversion lapse rates 
decreases with higher inversion altitudes. This is further supported by examining the two 
strengths of subsidence/frontal inversions above a downward refracting PBL where there is no 
difference between a -4 ºC/km and -12 ºC/km inversion throughout all ranges of interest (Fig. 
11b). 
 
Figure 12 compares varying PBL lapse rates while holding the subsidence/frontal 
inversion lapse rate constant at -12 ºC/km. These results are similar to the capping inversion 
experiment in Test 4 shown in Fig. 8, however the effect from decreasing the positive PBL lapse 
rates is significantly less (Fig. 12a). Here, the 3 ºC/km PBL lapse rate TL exceeds 140 dB before 
reaching 90 km. The same PBL lapse rate was clearly detectable out to at least 200 km from the 
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source with the capping inversion that existed at a lower altitude in the troposphere. Figure 12b 
presents interesting results when negative PBL lapse rates are varied below a -12 ºC/km 
frontal/subsidence inversion. There is a considerable difference in mean surface TL between the 
isothermal temperature profile and those with a downward refracting PBL added. This difference 
is larger here than it is with a capping inversion. Since the mean surface TL for -2 and -10 ºC/km 
PBL lapse rates are similar for both inversion heights (-81.4 dB for -2 ºC/km and -76.7 dB for -
10 ºC/km), the difference can be attributed to the isothermal temperature profile. The mean 
surface TL for the capping inversion with an isothermal PBL, FA and stratosphere is -85.1 dB 
and -76.6 dB for the subsidence/frontal inversion, which suggests that differing inversion heights 
don’t have an effect in the presence of a downward refracting PBL, but may have an effect for 
more isothermal PBL and FA lapse rates. This is further evidence that inversion layers have a 
noticeable and significant effect on surface TL. This result is similar to that found in studies of 
the nocturnal boundary layer, c.f. (Waxler 2017). Experimental validation will be sought in the 
future.  
 
3.1.2 Contour plots 
 
 Now that each layer has been individually examined, contour plots are produced to better 
visualize and directly compare the relative effects of two layers. This is done by allowing layer 
lapse rate to vary on the x and y-axes and contouring surface transmission loss at 5 dB intervals 
at ranges of 10, 50, 100, 150, and 200 km from the source for a total of five plots for each test. 
The surface transmission loss values plotted were calculated using a 500-meter average centered 
on the ranges of interest. Lapse rates vary in 1 ºC increments for all tests hereafter unless 
otherwise specified. Test 6 begins by allowing PBL and FA lapse rates to vary while fixing the 
stratosphere at -1 ºC/km. The PBL lapse rate varies from 12 to -12 ºC/km on the x-axis and FA 
lapse rate varies from 10 to 0 ºC/km on the y-axis, see Tab. 5. 
 
For shorter ranges (less than 100 km), the FA has very little influence on surface 
transmission loss (Figs. 13a and 13b). The PBL is the dominant factor in affecting surface TL at 
these ranges indicated by the verticality of the contour lines. At longer ranges, once the PBL 
lapse rate becomes positive, FA lapse rates may become important, however, surface TL values 
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are below the 140 dB threshold at this point and are considered negligible (Figs. 13c-e). All 
surface TL values below this threshold are not plotted and are therefore indicated by the white 
areas in the plots. These regions can be neglected for all remaining tests. Another feature worth 
noting is the extremely tight gradient between PBL lapse rates of -6 ºC/km and 0 ºC/km for 
ranges greater than 10 km. As range increases, this gradient tightens and shifts toward weaker 
positive PBL lapse rates and the sensitivity of surface TL to changes in PBL lapse rate increases. 
This suggests that PBL lapse rates between 6 and 0 ºC/km require more accurate estimations to 
predict surface TL, especially at longer ranges. This is also the region where the most 
contribution to surface TL occurs. The sensitivity of surface TL to changes in PBL lapse rate 
nearly diminishes completely once PBL lapse rates become negative. These negative PBL lapse 
rates represent nocturnal inversions. Figure 13 suggests that there is virtually no effect from 
varying the strength of the nocturnal inversion. 
 
Test 7 further investigates the aforementioned gradient in surface TL between 6 and 0 
ºC/km PBL lapse rates by allowing the PBL lapse rate to vary from 6 to 0 ºC/km in 0.5 ºC/km 
increments on the x-axis, see Tab. 5. 
 
A more detailed investigation of the gradient in surface TL between 6 and 0 ºC/km 
reveals some interesting results at ranges of 50 and 100 km. There is some noticeable tilt in the 
contour lines in regions of Figs. 14b and 14c. There is a 22 dB change in surface TL from a FA 
lapse rate of 8 ºC/km (-138 dB) to 0 ºC/km (-116 dB) while holding the PBL lapse rate constant 
at 3.5 ºC/km in Fig. 14b.  There is a 13 dB change in surface TL from a FA lapse rate of 10 
ºC/km (-126 dB) to 2 ºC/km (-139 dB) while holding the PBL lapse rate constant at 2 ºC/km in 
Fig. 14c. These features are worth noting, however, the TL values are very low. The effects of 
varying the FA lapse rate are still minimal where surface TL is weaker. The surface TL gradient 
shifts towards weaker PBL lapse rates as range from the source of the signal increases. This is 
the same result that we saw in the previous test.   
 
 The local maximum in surface TL for a PBL lapse rate of 3.5 ºC/km and FA lapse rate of 
8 ºC/km in Fig. 14b is unexpected and warrants some investigation. Figure 15a shows the surface 
TL for all FA lapse rates existing above a PBL with a lapse rate of 3.5 ºC/km. All profiles behave 
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as expected up until approximately 40 km from the source. Here, profiles with FA lapse rates of -
8, -9, and -10 ºC/km start to exhibit some sign of downward refraction. This is also seen in the 2-
D TL plot in Fig. 15b where it seems that the apparent downward refraction is occurring at the 
top of the PBL at 1 km above the surface. Since the sound speed only decreases with height in 
the troposphere for these temperature profiles (Fig. 15c), this effect cannot be attributed to 
atmospheric refraction. Instead, it is likely that the infrasound energy is reflected off the interface 
between the PBL and FA at 1 km due to the strong and abrupt change in the medium. This is 
further supported by the fact that the reflection effect diminishes as you decrease the FA lapse 
rate, which eases the abruptness in the vertical sound speed profile. The previously described tilt 
in the contour lines in Figs. 14b and 14c can be attributed to this upon further investigation of 
other PBL lapse rates. This reflection is most likely amplified as a result of the idealized model 
used in this study as changes in lapse rates are much smoother in the real atmosphere and the 
realistic magnitude of this type of reflection is far weaker. Because of this, it is concluded that 
the effect of FA lapse rate on surface TL is minimal since any observed FA effects are a result of 
the reflection amplified by the model.  
 
Next, Test 8 compares PBL lapse rates to capping inversion lapse rates to investigate the 
influence capping inversions may have on surface TL above differing strengths of upward and 
downward refracting PBL’s. In this test, the capping inversion lapse rate varies from 0 to -12 
ºC/km on the y-axis and PBL lapse rate varies from 12 to -12 ºC/km on the x-axis, see Tab. 5.  
 
These results are similar to Test 6 in the sense that the PBL is the dominant factor in 
determining surface TL and once the PBL lapse rate becomes negative, varying it has negligible 
effect. The gradient in surface TL for positive PBL lapse rates is still seen and the tightening of 
this gradient for longer ranges still occurs. The main difference here is that capping inversion 
lapse rates do have an effect on surface TL when the PBL lapse rate is positive (Fig. 16). This is 
denoted by the tilt in the contour lines. For example, surface TL for a PBL lapse rate of 3 ºC/km 
with no capping inversion above it is approximately -135 dB at 100 km from the source, 
however adding a -12 ºC/km cap decreases the transmission loss to about -95 dB (Fig. 16c). This 
result occurs for all ranges greater than 10 km. It is worth noting that the 10 km plots are similar 
for Tests 6-8. This may be attributed to the closeness of the source of the signal. Recalling the 
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assumption that propagation must be known in the vertical for 1/10
th
 the horizontal range of 
interest, the atmosphere below 1 km in altitude is what affects surface TL at a horizontal range of 
10 km from the source. Since the PBL is defined from 0 to 1 km, the PBL is the only layer that 
can affect propagation at a range of 10 km. Tests 6-8 have compared the PBL to the FA and 
capping inversion layers that exist above 1 km, which is why the FA and capping inversion have 
had no effect at 10 km. The main pattern for this test is decreasing surface TL as the capping 
inversion lapse rate decreases for a given positive PBL lapse rate and no capping inversion 
dependence for a given negative PBL lapse rate. There are, however, inconsistencies for a 0 
ºC/km PBL lapse rate. These are most clearly seen in Figs. 16b and 16d where there are local 
maxima in surface TL. These features are due to the enhanced spatial variability in surface TL 
for isothermal PBL’s. Because refraction is not occurring in the PBL, the effect from the capping 
inversion is much more prominent. This may lead to greater interference from the downward 
refraction of the capping inversion layer and reflections off of the surface, which results in 
increased spatial variability in surface TL. This effect increases with stronger capping inversion 
lapse rates as seen in Fig. 17. Although there are local maxima in surface TL at the specific 
ranges selected, the mean surface TL still decreases with decreasing capping inversion lapse rate, 
albeit slight (Tab. 9). From the previous simulations, it is apparent that the PBL is by far the 
most important factor in determining surface TL at all ranges and that lower altitudes have the 
most influence on local infrasound propagation. 
 
Lastly, Test 9 compares lapse rates in the FA and a capping inversion to determine if the 
atmosphere above a capping inversion needs to be considered. This is done for an upward 
refracting PBL (PBL: 6.5 ºC/km) and a downward refracting PBL (PBL: -4 ºC/km). Capping 
inversion lapse rates vary on the x-axis from 0 to -12 ºC/km and FA lapse rates vary on the y-
axis from 10 to 0 ºC/km, see Tab. 5. 
 
Figure 18 suggests that the FA above a capping inversion seems to have some effect at 50 
km in the case of an upward refracting PBL, however, the surface TL values are very low (lower 
than -117 dB) (Fig. 18b). In the lower left corner of this plot, surface TL is greater than -140 dB, 
so this region can be neglected. Ranges of 100, 150, and 200 km are also not considered as 
surface TL at these ranges is well above the -140 dB threshold. There is no effect from a capping 
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inversion or the FA at 10 km (Fig. 18a), which further supports the earlier hypothesis stating that 
the PBL is the only layer affecting surface TL at 10 km. Figure 18 suggests that the FA may have 
some effect above a capping inversion when the PBL is upward refracting. Capping inversions 
and the FA have negligible effect on surface TL in the case of a downward refracting PBL as 
there is virtually no change in surface TL at all ranges as the cap and FA lapse rates vary (Fig. 
19a-e). This suggests that the lapse rates in these layers do not need to be accurately estimated 
during the existence of a nocturnal inversion.  
 
3.2 WIND AND TEMPERATURE 
 
Once a thorough understanding of how vertical temperature profiles effect surface TL is 
obtained, simplified vertical wind profiles are added and coupled with temperature. This is a far 
more realistic representation of the atmosphere. Speed shear and directional shear are tested 
separately. Contour plots similar to those presented in Sec. 3.1.2 are used to explore the 
sensitivity of surface TL to varying speed and directional shear values in different layers. First, 
Tests 10 and 11 compare wind shear in one layer to another by allowing shear values to vary on 
the x and y axes. Tests 12-17 then compare lapse rates in one layer to wind shear in another by 
allowing layer lapse rates to vary on the y-axis and layer shear values to vary on the x-axis. Tests 
10-17 can be referenced in Tabs. 6 and 7.  
 
3.2.1 Wind shear 
 
 This section presents the results and analysis from Tests 10 and 11 to determine the 
relative effects of varying wind shear in each layer by using contour plots similar to Sec. 3.1.2, 
however layer wind shear varies on the x and y-axes. The purpose is to not only assess how 
surface transmission loss behaves in varying shear profiles, but also to identify the effects of 
differing propagation directions. Like in the previous section, surface TL is contoured at 5 dB 
intervals at ranges of 10, 50, 100, 150, and 200 km from the source of the signal. This is done for 
4 different wind profiles, 5 different temperature profiles, and 4 different propagation directions 
relative to the surface wind for a total of 80 simulations for each test. A more detailed description 
of these tests can be found in Sec. 2.3.4. The results are presented such that the 4 wind profiles 
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are first analyzed in an isothermal temperature profile, then in two upward and two downward 
refracting temperature profiles so that a total of 20 plots are exhibited for each test. A primarily 
quantitative analysis is presented first in this section. A more qualitative analysis and discussion 
is provided in Chapter 4.  
 
Test 10 
 
 Test 10 begins by comparing the troposphere to the stratosphere. This is done by 
grouping the PBL and FA together so that temperature and wind shear values are constant in the 
troposphere. In this test, the tropospheric wind shear varies from 0 to 6 m s
-1 
km
-1
 for speed shear 
simulations and 0 to 30 º/km for directional shear simulations. The stratospheric wind shear 
varies from -3 to 3 m s
-1 
km
-1
 for speed shear simulations and 0 to 40 º/km for directional shear 
simulations. For each temperature profile, the 4 wind profiles are presented in the following 
order: 
1. Varying speed shear with directional shear constant at 0 º/km 
2. Varying speed shear with directional shear constant at 360º /11 km 
3. Varying directional shear with speed shear constant at 0 m s-1 km-1 
4. Varying directional shear with speed shear constant at 6 m s-1 km-1 
 
Test 10 – isothermal temperature profile 
 
 Figures 20-23 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an isothermal temperature profile in which the PBL, FA, and stratosphere lapse rate is fixed 
at 0 ºC/km. This is done first to obtain an idea of the effects of varying wind shear without the 
influence of temperature. Upward and downward refracting temperature profiles are added 
following the isothermal analysis. 
 
Simulations that allow speed shear to vary while holding directional shear constant at 0 
º/km for all layers are discussed first. For each range, plots are shown for all four propagation 
directions relative to the surface wind flow. PBL and FA speed shear is allowed to vary on the x-
axis and stratospheric speed shear is allowed to vary on the y-axis. Propagation directions 
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perpendicular to the surface wind direction are not affected by wind shear (Fig. 20). Recalling 
from Eq. 2 that the effective sound speed is dependent on the radial component of the wind 
relative to the signal propagation direction, i.e. 
      ( 2  
, the speed shear will have no effect on surface transmission loss at the two perpendicular 
propagation directions in this particular wind profile. This is because the directional wind shear 
is fixed at 0 º/km for all layers of the atmosphere so that the 2
nd
 term on the right hand side of Eq. 
2 is equal to 0 for the entire height of the calculation space. The parallel and antiparallel 
propagation directions exhibit no affect from varying the speed shear in the stratosphere at 
ranges of 10 and 50 km and negligible affect at 100 km (Fig. 20). This is likely due to the fact 
that the stratosphere is too high to influence propagation at ranges this close to the source. 
Effects from the stratosphere at ranges of 150 and 200 km are seen for positive (negative) 
stratospheric speed shear values in the parallel (antiparallel) propagation direction. Stratosphere 
effects for the parallel propagation direction are slight, but notable as there is as high as a 6.6 dB 
change in surface TL at 200 km between stratospheric speed shear values of 1 to 2 m s
-1 
km
-1
 if 
there is no speed shear in the troposphere. The antiparallel propagation direction is much more 
drastic, however only for negative stratospheric speed shear. At 200 km, the change in surface 
TL between -2 and -3 m s
-1 
km
-1
 in the stratosphere is 70.7 dB with speed shear of 2 m s
-1 
km
-1
 in 
the troposphere (Fig. 20).  
 
Simulations that allow speed shear to vary while holding directional shear constant at 
360º /11 km in the troposphere and 0 º/km in the stratosphere are presented next to examine the 
response to the addition of strong directional shear in the troposphere. Just as before, there is no 
influence from the stratosphere for ranges of 10 to 100 km (Fig. 21). Another similarity is that, in 
the absence of tropospheric speed shear, speed shear in the stratosphere affects surface TL in the 
parallel propagation direction at 150 and 200 km (Fig. 21). For example, at 200 km, surface TL 
decreases by 15.1 dB between stratospheric speed shear of 0 and -3 m s
-1 
km
-1
 while speed shear 
in the troposphere is 0 m s
-1 
km
-1
 (Fig. 21). The verticality of the contour lines for the antiparallel 
propagation direction at all ranges suggests that the addition of high directional shear in the 
troposphere removed any significant influence that speed shear in the stratosphere may have had 
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on surface transmission loss for the antiparallel propagation direction. The two perpendicular 
propagation directions still don’t exhibit any influence from the stratosphere, but the addition of 
strong directional shear in the troposphere results in high sensitivity to tropospheric speed shear, 
particularly in the 270º perpendicular direction where surface TL decreases by as much as 73.4 
dB between tropospheric speed shear values of 0 to 1 m s
-1 
km
-1
 at 100 km (Fig. 21). 
 
The simulations presented next allow directional shear to vary while holding speed shear 
constant at 0 m s
-1 
km
-1
 for all layers. For each range, plots are shown for all four propagation 
directions relative to the surface wind flow. PBL and FA directional shear is allowed to vary on 
the x-axis and stratospheric directional shear is allowed to vary on the y-axis. There is no effect 
from varying directional shear in either layer at 10 km and any change in surface TL at 50 and 
100 km is due to changes in tropospheric directional shear (Fig. 22). At 150 km, some 
stratospheric influence emerges solely in the 270º perpendicular propagation direction, however 
TL is approaching 140 dB in the region this occurs in (Fig. 22). The influence from the 
stratosphere in this propagation direction becomes significant at 200 km. For example, surface 
TL decreases by 27.8 dB from 25 to 40 º/km of stratospheric directional shear when directional 
shear in the troposphere is 15 º/km. The parallel and antiparallel propagation directions exhibit 
very slight stratospheric influence at 200 km, that is, a maximum of 7.9 dB over 30 º/km 
difference in stratospheric directional shear for the parallel propagation direction (Fig. 22). 
 
Simulations that allow directional shear to vary while holding speed shear constant at 6 m 
s
-1 
km
-1
 in the troposphere and 0 m s
-1 
km
-1
 in the stratosphere are presented next to examine the 
response to the addition of strong speed shear in the troposphere. At 10 km it is clear that adding 
strong speed shear to the troposphere results in downward (upward) refraction in the parallel 
(antiparallel) direction when comparing Figs. 20 and 21. For ranges greater than 10 km, the 
antiparallel and 270º perpendicular propagation directions are highly influenced by varying 
directional shear in the stratosphere. At longer ranges, the antiparallel direction is highly 
sensitive to changes in directional shear for shear magnitudes less than 10 º/km in the 
troposphere and less than 15 º/km in the stratosphere. The 270º perpendicular direction is highly 
sensitive to shear magnitudes less than 20 º/km in the troposphere and 15 º/km in the 
stratosphere. There is virtually no effect from the stratosphere in the parallel propagation 
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direction. The 90º perpendicular propagation direction, however, exhibits some slight influence 
from varying stratospheric directional shear when directional shear is 0 º/km in the troposphere 
(Fig. 23).  
 
Test 10 – Upward refracting temperature profile 
 
 Figures 24-27 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an upward refracting temperature profile in which the PBL and FA lapse rate is fixed at 6.5 
º/km and the stratosphere at -1 º/km. This is done to obtain an idea of the effects of varying wind 
shear when coupled with an upward refracting temperature profile. The same process is followed 
as for the isothermal profile and the same wind profiles are used.   
 
Simulations that allow speed shear to vary while holding directional shear constant at 0 
º/km for all layers are discussed first. PBL and FA speed shear varies on the x-axis and 
stratospheric speed shear varies on the y-axis. As seen in the simulations with the isothermal 
temperature profile, the two perpendicular propagation directions are not affected by wind shear 
as there is no radial component of the wind in these propagation directions for the entire 
calculation height. The parallel and antiparallel propagation directions exhibit no affect from 
varying the speed shear in the stratosphere at a range of 10 km (Fig. 24). This is due to the fact 
that the stratosphere is too high to influence propagation at ranges this close to the source. At 50 
km, the antiparallel propagation direction exhibits some influence from the stratosphere that is 
also evident at all longer ranges, mainly for stratosphere speed shear values of 1 to 3 m s
-1 
km
-1
. 
This stratospheric speed shear influence emerges at 150 and 200 km in the parallel propagation 
direction for positive values of speed shear in the stratosphere, which refract the acoustic energy 
back toward the surface. This effect is most noticeable at 200 km where surface TL decreases by 
as much as 87 dB from 1 to 2 m s
-1 
km
-1
 of stratospheric speed shear (Fig. 24). 
 
Simulations that allow speed shear to vary while holding directional shear constant at 
360º /11 km in the troposphere and 0 º/km in the stratosphere are presented next to examine the 
response to the addition of strong directional shear in the troposphere. Consistent with prior 
simulations, surface transmission loss at 10 km is only dependent on speed shear in the 
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troposphere, albeit weakly (Fig. 25). At 50 km from the source of the signal, some stratospheric 
dependence emerges in the propagation direction parallel to the surface wind flow (Fig. 25). In 
fact, this is the only propagation direction that exhibits significant influence from the 
stratosphere. For example, surface TL decreases by 83 dB from 1 to 2 m s
-1 
km
-1
 of stratospheric 
speed shear at 150 km (Fig. 25). As with the isothermal temperature profile, the addition of 
strong directional shear in the troposphere eliminates any influence from the stratosphere in the 
antiparallel propagation direction (Fig. 25). It is also evident that the parallel propagation 
direction is more upward refracting on average as the surface transmission loss values are far 
more negative than they are for the other directions, specifically for tropospheric speed shear 
values from 0 to 4 m s
-1 
km
-1
 (Fig. 25).  
 
The simulations presented next allow directional shear to vary while holding speed shear 
constant at 0 m s
-1 
km
-1
 for all layers. PBL and FA directional shear varies on the x-axis and 
stratospheric directional shear varies on the y-axis. Surface TL is virtually unaffected by 
directional shear at 10 km as the largest difference between the maximum and minimum surface 
TL value across all propagation directions is 2.1 dB. This is especially negligible as this occurred 
over a range of 30 m s
-1 
km
-1
 of tropospheric speed shear in the 90º perpendicular direction (Fig. 
26). For ranges greater than 10 km, so much of the infrasonic signal is refracted upward that 
surface TL exceeds 140 dB at which point any realistic signal would be undetectable (Fig. 26). 
The 90º perpendicular propagation direction exhibits slight influence from varying the strength 
of the tropospheric directional shear at 50 km, however the TL is still very high: -125 dB at its 
lowest (Fig. 26). 
 
Simulations that allow directional shear to vary while holding speed shear constant at 6 m 
s
-1 
km
-1
 in the troposphere and 0 m s
-1 
km
-1
 in the stratosphere are presented next to investigate 
the response to adding strong speed shear in the troposphere. As in the previous discussion, there 
is virtually no effect from varying directional shear at 10 km. The only factor that influences 
surface TL at this range is the propagation direction. The parallel (antiparallel) direction exhibits 
downward (upward) refraction comparable to Fig. 23 (Fig. 27). The propagation direction 
parallel to the surface wind flow is virtually unaffected by stratospheric direction shear at all 
ranges except for 100 km where there is some evidence of slight stratospheric influence. All 
37 
 
other propagation directions exhibit extremely strong influence from varying the magnitude of 
directional shear in both the stratosphere and troposphere for ranges greater than 10 km in which 
it is evident that directional shear must be accurately known in order to deduce information about 
the source of an infrasonic signal (Fig. 27).    
 
Test 10 – Weakly upward refracting temperature profile 
 
 Figures 28-31 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a more weakly upward refracting temperature profile in which the PBL and FA lapse rate is 
fixed at 3 ºC/km and the stratosphere at -1 ºC/km. The previous simulations addressed one 
extreme by investigating the effects of shear when coupled with a strong positive lapse rate 
throughout the depth of the troposphere. The following discussion presents the same simulations, 
but coupled with a temperature profile comprised of a relatively weaker positive lapse rate in the 
troposphere.  
 
Simulations that allow speed shear to vary while holding directional shear constant at 0 
º/km for all layers are discussed first. PBL and FA speed shear varies on the x-axis and 
stratospheric speed shear varies on the y-axis. The two perpendicular propagation directions are 
unaffected by wind shear as seen in previous simulations with the same shear profile. Also, the 
stratosphere becomes important for ranges greater than 100 km from the source for the parallel 
and antiparallel propagation directions (Fig. 28). The overall pattern in the parallel propagation 
direction is similar to the simulation with a stronger upward refracting temperature profile, 
however, the TL values are shifted left so that weaker tropospheric speed shear is associated with 
comparable surface TL. This is best illustrated by comparing the parallel propagation direction in 
Figs. 24 and 28. At 100 km, surface TL is approximately -130 dB for tropospheric speed shear of 
1 m s
-1 
km
-1
 in Fig. 28 whereas, in Fig. 24, it is -130 dB for tropospheric speed shear of 3 m s
-1 
km
-1
. At 50, 100, and 150 km, weaker positive lapse rates in the troposphere appear to remove 
any significant influence from stratospheric speed shear in the antiparallel propagation direction 
(Fig. 28). The opposite effect, however, arises at 200 km where surface TL decreases by 49.5 dB 
from stratospheric speed shear of 0 to 1 m s
-1 
km
-1
 while tropospheric speed shear is 4 m s
-1 
km
-1
 
(Fig. 28). 
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Strong directional shear is added to the troposphere next so that directional shear is fixed 
at 360º /11 km in the troposphere and 0 º/km in the stratosphere. The results here are similar to 
the same simulation, but with a stronger upward refracting temperature profile. Again, TL values 
are shifted left towards weaker tropospheric speed shear as demonstrated in the previous 
discussion accompanying Fig. 28. At 10 km, there is still no influence from speed shear for the 
two perpendicular propagation directions and surface TL is only influenced by speed shear in the 
troposphere for all propagation directions at 50 km (Fig. 29). Similar to the stronger upward 
refracting temperature profile, ranges greater than 50 km from the source exhibit no influence 
from the stratosphere for all propagation directions other than the direction parallel to the surface 
wind as the addition of strong directional shear in the troposphere acts to remove any influence 
from the stratosphere in the antiparallel propagation direction (Fig. 29). The difference here is 
that the effect from the stratosphere in the parallel propagation direction is less extreme with 
weaker positive lapse rates in the troposphere. The maximum change in surface TL over a range 
of 1 m s
-1 
km
-1
 of speed shear is approximately 10 dB larger for simulations with a stronger 
upward refracting temperature profile for all ranges greater than 50 km (Tab. 10).   
 
The simulations presented next allow directional shear to vary while holding speed shear 
constant at 0 m s
-1 
km
-1
 for all layers. PBL and FA directional shear varies on the x-axis and 
stratospheric directional shear varies on the y-axis. These results are similar to the results 
presented for Fig. 26. Here, the temperature profile is more weakly upward refracting so that 
surface TL is weaker (Fig. 30). At 150 km, the 90º perpendicular propagation direction still 
exhibits some values below the 140 dB threshold whereas all propagation directions exceed this 
threshold at 100 km in the experiment with the stronger upward refracting temperature profile 
(Figs. 30 and 26). 
 
Simulations that allow directional shear to vary while holding speed shear constant at 6 m 
s
-1 
km
-1
 in the troposphere and 0 m s
-1 
km
-1
 in the stratosphere are presented next to investigate 
the response to adding strong speed shear in the troposphere. The results here are similar to the 
simulations with the isothermal (Fig. 23) and strong upward refracting temperature profile (Fig. 
27) such that the 270º perpendicular and antiparallel propagation directions are highly influence 
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by changes in directional shear in both the troposphere and stratosphere (Fig. 31). The parallel 
propagation direction is virtually unaffected by stratospheric directional shear in both 
temperature profiles as well, however, the main difference is in the 90º perpendicular direction. 
At 10 and 50 km, the stratosphere has no influence in this propagation direction. At ranges 
greater than 50 km, the only region where there is significant influence from the stratosphere is 
for stratospheric directional shear less than 10 º/km and tropospheric directional shear less than 5 
º/km. Outside of these shear values, surface TL is only affected by changes in tropospheric 
directional shear (Fig. 31).  
 
Test 10 – Downward refracting temperature profile 
 
 Figures 32-35 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a strong downward refracting temperature profile in which the PBL lapse rate is fixed at -10 
ºC/km, the FA at 3 ºC/km, and the stratosphere at -1 ºC/km. The previous simulations focused on 
the effects of wind shear when coupled with isothermal and upward refracting temperature 
profiles. The following discussion addresses the same wind shear conditions, but coupled with 
downward refracting temperature profiles.  
 
Simulations that allow speed shear to vary while holding directional shear constant at 0 
º/km for all layers are discussed first. PBL and FA speed shear varies on the x-axis and 
stratospheric speed shear varies on the y-axis. The inclusion of a strong downward refracting 
temperature profile removes any stratospheric influence that occurred with the isothermal and 
upward refracting temperature profiles. At all ranges, the parallel and antiparallel propagation 
directions exhibit influence from the troposphere alone (Fig. 32).  
 
Strong directional shear is added to the troposphere next so that directional shear is fixed 
at 360º /11 km in the troposphere and 0 º/km in the stratosphere. Still, there is no significant 
influence from the stratosphere across all ranges and propagation directions (Fig. 33). 
Conversely, the isothermal and upward refracting temperature profiles exhibited significant 
stratospheric influence, particularly in the parallel propagation direction (Figs. 21, 25, and 29).  
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Simulations that allow directional shear to vary while holding speed shear constant are 
discussed next. PBL and FA directional shear varies on the x-axis and stratospheric directional 
shear varies on the y-axis. Simulations that hold speed shear constant at 0 m s
-1 
km
-1
 for all layers 
are similar to the previous two discussions such that there is no influence from the stratosphere. 
In fact, the influence from the troposphere is less significant here (Fig. 34). The only wind 
profile that exhibits stratospheric influence is when strong speed shear is added to the 
troposphere (Fig. 35). At 50 km, the antiparallel propagation direction begins to exhibit influence 
from the stratosphere, particularly for tropospheric directional shear of 10 º/km and less, that 
becomes more prominent with increasing range. The other three propagation directions exhibit 
some slight noticeable stratospheric influence, however, this is mostly negligible. The maximum 
change in surface TL is 4.2 dB over a 5 º/km change in stratospheric directional shear in the 270º 
perpendicular propagation direction at 100 km (Fig. 35). 
 
Test 10 – Weakly downward refracting temperature profile 
 
 Figures 36-39 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a weak downward refracting temperature profile in which the PBL lapse rate is fixed at -2 
ºC/km, the FA at 3 ºC/km, and the stratosphere at -1 ºC/km. Simulations that allow speed shear 
to vary while holding directional shear constant at 0 º/km for all layers are discussed first. PBL 
and FA speed shear varies on the x-axis and stratospheric speed shear varies on the y-axis. Just 
as with the stronger downward refracting temperature profile, there is no effect on surface TL 
from varying speed shear in the stratosphere (Fig. 36). The main difference in the weak 
downward refracting temperature profile is that parallel propagation direction exhibits some 
downward refraction and the antiparallel propagation direction is highly upward refracting. Since 
it is known that the two perpendicular propagation directions are unaffected by wind shear for 
this particular wind profile, the parallel (antiparallel) direction must be downward (upward) 
refracting if surface TL is lower (higher) than it is for the perpendicular directions. This is most 
clearly illustrated at a range of 100 km where the perpendicular propagation direction exhibits 
surface TL of approximately 80 dB. The parallel propagation direction contains values lower 
than 80 dB and the antiparallel propagation direction contains values much higher than 80 dB 
(Fig. 36). 
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Strong directional shear is added next so that directional shear is fixed at 360º /11 km in 
the troposphere and 0 º/km in the stratosphere. There is still no influence from the stratosphere 
for all directions and ranges. The 270º perpendicular propagation direction is the most sensitive 
to changes in tropospheric speed shear, specifically for magnitudes less than 2 m s
-1 
km
-1
. At 100 
km, surface TL decreases by 38.5 dB between 1 and 2 m s
-1 
km
-1
 in the troposphere (Fig. 37). 
This high sensitivity between 1 and 2 m s
-1 
km
-1
 in the 270º perpendicular propagation direction 
occurs at ranges of 150 and 200 km as well (Fig. 37). 
 
The simulations presented next allow directional shear to vary while holding speed shear 
constant. In the absence of speed shear, surface TL is completely unaffected by varying 
directional shear in the stratosphere and only weakly influence by the troposphere (Fig. 38). 
However, similar to the isothermal temperature profile (Fig. 23), the addition of 6 m s
-1 
km
-1
 
speed shear in the troposphere exhibits high sensitivity to changes in stratospheric directional 
shear, specifically for the antiparallel and 270º perpendicular propagation directions at ranges 
greater than 10 km. The most sensitivity in the antiparallel direction occurs when tropospheric 
directional shear is weaker, specifically 10 º/km or less. In the 270º perpendicular direction, 
however, it occurs between 10 and 20 º/km (Figs. 39). 
 
Test 11 
 
Test 11 compares wind shear in the PBL to wind shear in the FA. The process is identical 
to Test 10, however, the PBL wind shear varies from 0 to 25 m s
-1 
km
-1
 for speed shear 
simulations and 0 to 180 º/km for directional shear simulations. The FA wind shear varies from 0 
to 6 m s
-1 
km
-1
 for speed shear simulations and 0 to 36 º/km for directional shear simulations. For 
each temperature profile, the 4 wind profiles are presented in the following order: 
1. Varying speed shear with directional shear constant at 0 º/km 
2. Varying speed shear with directional shear constant at 360º /11 km 
3. Varying directional shear with speed shear constant at 0 m s-1 km-1 
4. Varying directional shear with speed shear constant at 6 m s-1 km-1 
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Test 11 – isothermal temperature profile 
 
 Figures 40-43 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an isothermal temperature profile in which the PBL, FA, and stratosphere lapse rate is fixed 
at 0 ºC/km. This is done to isolate the effects of varying wind shear. Upward and downward 
refracting temperature profiles are added following the isothermal analysis. 
 
 Without the influence of temperature and directional shear, the antiparallel propagation 
direction is clearly upward refracting as only 5 m s
-1 
km
-1
 of speed shear in the PBL results in the 
signal becoming undetectable, i.e. greater than 140 dB of surface TL, for ranges of 50 km and 
greater (Fig. 40). Increasing speed shear in the parallel direction results in downward refraction, 
albeit the refractive effects are weaker than the antiparallel direction. Increasing the PBL speed 
shear in the parallel propagation direction from 0 to 10 m s
-1 
km
-1
 decreases surface TL by 18.7 
dB at 50 km when there is no stratospheric speed shear (Fig. 40). Influence from the FA occurs 
mainly in this propagation direction as well and is most notable when speed shear is weaker in 
the PBL. Any effects from varying FA speed shear diminishes for PBL speed shear greater than 
10 m s
-1 
km
-1
 (Fig. 40). The influence from the FA is much more comparable to the PBL when 
strong directional shear is added throughout the depth of the troposphere for ranges greater than 
10 km. The exception being the parallel propagation direction where the FA still only has an 
effect for weaker PBL speed shear (Fig. 41). The 270º perpendicular propagation direction 
exhibits no effects from varying wind shear in either layer at 10 km (Fig. 41). At 50 km, there is 
a strong influence from the FA and PBL for moderate speed shear magnitudes where surface TL 
decreases 23.6 dB from an FA shear magnitude of 3 to 4 m s
-1 
km
-1
 in the absence of speed shear 
in the PBL.  Comparatively, there is a 43.1 dB decrease from a PBL shear magnitude of 10 to 15 
m s
-1 
km
-1
 with no speed shear in the FA (Fig. 41). The strong influence from both layers occurs 
at 100 km as well, however, for shear values between 0 and 1 m s
-1 
km
-1
 in the FA and 0 and 5 m 
s
-1 
km
-1
 in the PBL (Fig. 41). Ranges of 150 and 200 km exhibit no clear recognizable correlation 
between changes in FA or PBL speed shear and surface TL. In fact, this is the case for the 
antiparallel and 90º perpendicular propagation direction at ranges greater than 10 km (Fig. 41). 
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 The effects of varying directional shear are more predictable. Surface TL is consistently 
weaker in the antiparallel and 90º perpendicular propagation directions. At ranges greater than 10 
km, these directions exhibit some influence from the FA for weak PBL shear magnitudes, 
specifically from 0 to 60 º/km (Fig. 42). At 50 km it is clear that surface TL increases as PBL 
directional shear increases in the parallel direction. In the 270º perpendicular direction, surface 
TL increases from 0 to 90 º/km, then decreases from 90 to 180 º/km (Fig. 42). By 100 km 
influence from the FA appears for both of these propagation directions. As range increases, 
weaker FA directional shear is generally associated with comparable TL. For example, in the 
parallel propagation direction at 100 km, the -140 dB contour associated with 180 º/km of PBL 
shear and 30 º/km of FA shear moves downward toward almost 12 º/km of FA shear for the same 
PBL shear value. This same effect occurs for the 270º perpendicular direction (Fig. 42). Fixing 
speed shear at 6 m s
-1 
km
-1
 in the PBL and FA does not have a significant effect on surface TL in 
the 90º perpendicular direction, which still exhibits slight influence from varying directional 
shear when PBL directional shear is weak. The other three propagation directions exhibit the 
same pattern at all ranges. Surface TL increases for stronger PBL and weaker FA directional 
shear in the parallel direction, however, in the antiparallel direction, it increases for weaker PBL 
and FA directional shear. In the 270º perpendicular direction, surface TL actually decreases 
slightly as PBL directional shear increases (Fig. 43). 
 
Test 11 – Upward refracting temperature profile 
 
 Figures 44-47 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an upward refracting temperature profile in which the PBL and FA lapse rate is fixed at 6.5 
ºC/km and the stratosphere at -1 ºC/km. This examines the effects of varying wind shear in the 
PBL and FA when coupled with an upward refracting temperature profile. The same process is 
followed as for the isothermal profile and the same wind profiles are used.   
 
 An upward refracting temperature profile has significant effects on how varying wind 
shear affects surface TL for speed shear simulations without directional shear. The most 
significant effects occur for the antiparallel propagation direction. For ranges greater than 10 km, 
the influence from varying speed shear in the FA is much greater than in the PBL as 
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demonstrated by the more horizontal nature of the contour lines (Fig. 44). For example, at 100 
km, surface TL decreases by 70.1 dB between a FA speed shear magnitude of 4 and 5 m s
-1 
km
-1
 
when the PBL speed shear is 10 m s
-1 
km
-1
. Surface TL under varying PBL speed shear 
conditions is most sensitive when the FA shear is 4 m s
-1 
km
-1
. Here, surface TL decreases by 
52.5 dB from 10 to 15 m s
-1 
km
-1
 in the PBL (Fig. 44). The perpendicular propagation directions 
exhibit no effect from varying wind shear just as prior simulations with no directional shear have 
shown. Here, the upward refraction resulting from the temperature profile causes surface TL to 
exceed 140 dB for all shear values by 50 km (Fig. 44). The parallel propagation direction 
exhibits high sensitivity to varying PBL speed shear between 0 and 5 m s
-1 
km
-1
 at ranges greater 
than 10 km (Fig. 44). At 100 to 200 km, influence from the FA arises, however, only when PBL 
speed shear is 0 m s
-1 
km
-1
 (Fig. 44). The parallel direction is relatively unaffected by the 
addition of strong directional shear to the PBL and FA as the results are comparable to the 
simulations without directional shear (Fig. 45). The 90º perpendicular propagation direction is 
now similar to the parallel direction in that, for ranges greater than 10 km, surface TL is highly 
sensitive to varying PBL speed shear between 0 and 5 m s
-1 
km
-1
. Also, the FA has an influence 
when PBL speed shear is 0 m s
-1 
km
-1
. In the antiparallel propagation direction, the FA and PBL 
influence surface TL comparably. It is clear that surface TL is maximized for weak speed shear 
in both layers, however, there is very little correlation when surface TL is lower than 140 dB. 
Contrastingly, the 270º perpendicular propagation exhibits high correlation between speed shear 
and surface TL. As speed shear increases in each layer, surface TL decreases. This direction also 
exhibits high influence from varying speed shear in the FA (Fig. 45).  
 
 When directional shear is allowed to vary and speed shear is fixed at 0 m s
-1 
km
-1
 for all 
layers, there is virtually no influence from the FA. The PBL is essentially the only layer that 
affects surface TL as increasing directional shear in the PBL decreases surface TL at all ranges 
for the antiparallel and 90º perpendicular propagation directions. The opposite is true of the 
parallel and 270º perpendicular propagation directions at 10 km as increasing PBL directional 
shear results in increasing surface TL. At ranges greater than 10 km, however, surface TL 
exceeds the 140 dB threshold for nearly all directional shear magnitudes (Fig. 46). When strong 
speed shear is added so that it is fixed at 6 m s
-1 
km
-1
 in the PBL and FA, a strong influence from 
the FA emerges for ranges greater than 10 km. This is most prominent in the 270º perpendicular 
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propagation direction at 100 km where, for example, surface TL decreases from greater than -
140 dB at 0 º/km of FA shear to -82.4 dB at 6 º/km and then decreases again to -94.4 dB at 24 
º/km while holding PBL shear at 30 º/km (Fig. 47). The FA strongly influences surface TL in the 
parallel and antiparallel directions as well, however, primarily when PBL directional shear is 
between 60 and 180 º/km for the parallel direction and between 0 and 120 º/km for the 
antiparallel direction. The 90º perpendicular propagation direction also exhibits some influence 
from the FA, particularly when the PBL directional shear is weaker (Fig. 47).  
 
Test 11 – Weakly upward refracting temperature profile 
 
 Figures 48-51 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a weakly upward refracting temperature profile in which the PBL and FA lapse rate is fixed 
at 3 ºC/km and the stratosphere at -1 ºC/km. This is done to obtain an idea of the effects of 
varying wind shear in the PBL and FA when coupled with a weakly upward refracting 
temperature profile.  
 
 The weakly upward refracting temperature profile returns similar results as the stronger 
upward refracting temperature profile for the simulations that allow speed shear to vary and fix 
directional shear at 0 º/km. The parallel propagation direction still exhibits high sensitivity 
between PBL shear of 0 and 5 º/km. Also, the FA still has a significant influence on surface TL 
when PBL shear is 0 º/km, however, comparable surface TL values are associated with weaker 
FA speed shear with weaker lapse rates in the troposphere. This effect also occurred in Test 10.  
The antiparallel propagation direction is highly upward refracting. The only surface TL values 
lower than -140 km exist for PBL shear of 20 and 25 m s
-1 
km
-1
 and FA shear of 6 m s
-1 
km
-1
. 
The FA is the main influence on surface TL in this small region (Fig. 48). The effects of adding 
strong directional shear to the troposphere are equivalent to the simulations with the stronger 
upward refracting temperature profile (Fig. 49).  
 
 Weaker positive lapse rates in the troposphere do not change the effects of varying PBL 
and FA directional shear. For example, since weaker positive lapse rates result in weaker upward 
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refraction, the result is that surface TL values are shifted toward weaker PBL directional shear in 
the simulations without speed shear (Figs. 50 and 51).  
 
Test 11 – Downward refracting temperature profile 
 
 Figures 52-55 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a downward refracting temperature profile in which the PBL lapse rate is fixed at -10 ºC/km, 
the FA at 3 ºC/km, and the stratosphere at -1 ºC/km. The previous simulations focused on the 
effects of wind shear when coupled with isothermal and upward refracting temperature profiles. 
The following discussion addresses the same simulations, but coupled with downward refracting 
temperature profiles.  
 
 The strongly downward refracting nature of this temperature profile appears to remove 
any significant influence from the FA at all ranges and propagation directions for speed shear 
simulations without directional shear (Fig. 52). The parallel propagation direction is weakly 
influenced by the PBL while the antiparallel direction is heavily influenced by it. At 50 km, there 
is a 19.9 dB increase in surface TL from a PBL speed shear magnitude of 5 to 10 m s
-1 
km
-1
 in 
the absence of FA speed shear (Fig. 52). This effect only increases at longer ranges. Also, the 
parallel propagation direction is slightly downward refracting whereas the antiparallel direction 
is strongly upward refracting for PBL speed shear magnitudes greater than 5 m s
-1 
km
-1
 (Fig. 52). 
When strong directional shear is added in the troposphere, the parallel and 90º perpendicular 
propagation directions exhibit slight influence from varying PBL speed shear at ranges up to 150 
km (Fig. 53). There is some slight influence from the FA at 200 km, however, only a 13 dB 
change between 4 and 5 m s
-1 
km
-1
 of FA shear at its maximum effect (Fig. 53). The antiparallel 
and 270º perpendicular propagation directions exhibit negligible correlation between speed shear 
and surface TL when strong directional shear exists in the troposphere (Fig. 53). 
 
 Varying directional shear in the FA without speed shear has virtually no effect on TL at 
the surface for all ranges (Fig. 54). Only changes in PBL directional shear affect surface TL. At 
150 km, very slight influence from the FA exists in the 270º perpendicular propagation direction 
when PBL shear is 180 º/km, however, this is only an 8.1 dB change between 0 and 36 º/km of 
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FA shear and is small enough to be considered negligible (Fig. 54). The existence of strong 
directional shear in the troposphere induces FA influence in the 270º perpendicular propagation 
directions, especially for moderate PBL directional shear magnitudes. At 100 km, when the PBL 
shear is 90 º/km, surface TL decreases by 49.6 dB from 6 to 12 º/km of FA shear (Fig. 55). The 
antiparallel propagation direction exhibits some influence from the FA as well, albeit far weaker 
and mostly confined to weaker PBL shear magnitudes (Fig. 55). The parallel and 90º 
perpendicular propagation directions are only weakly influenced by the PBL, however, slight FA 
influence arises in the parallel direction when PBL shear is 180 º/km (Fig. 55). 
 
Test 11 – Weakly downward refracting temperature profile 
 
Figures 56-59 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a weakly downward refracting temperature profile in which the PBL lapse rate is fixed at -2 
ºC/km, the FA at 3 ºC/km, and the stratosphere at -1 ºC/km.  
 
The effects of varying speed shear without directional shear are nearly identical to the 
stronger downward refracting temperature profile (Fig. 56). One difference is in the parallel 
propagation direction, which is very slightly by the PBL, however, there is some notable 
influence from varying FA speed shear in the absence of PBL shear. For example, surface TL 
increases by 10.9 dB from 4 to 5 m s
-1 
km
-1
 of FA shear at 50 km (Fig. 56). Also, the antiparallel 
propagation direction exhibits high sensitivity to increasing PBL speed shear from 0 to 5 m s
-1 
km
-1
. For PBL shear of 20 and 25 m s
-1 
km
-1
, a small region of surface TL lower than -140 dB 
arises for FA speed shear of 6 m s
-1 
km
-1
 at ranges greater than 10 km (Fig. 56). As with the 
stronger downward refracting temperature profile, adding strong directional shear to the 
troposphere results in slight PBL and FA influence in the parallel and 90º perpendicular 
propagation directions at all ranges greater than 10 km (Fig. 57). The other two propagation 
directions exhibit strong influence from both layers. At 50 km, FA speed shear is more strongly 
correlated with surface TL in the 270º perpendicular propagation direction as increasing speed 
shear results in decreasing surface TL. The opposite is true for ranges of 100 to 200 km as the 
antiparallel and 270º perpendicular propagation directions exhibit no discernable pattern in the 
TL plots. The exception being that surface TL is consistently maximized for PBL shear of 5 m s
-1 
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km
-1
 and FA shear of 0 m s
-1 
km
-1
 in the 270º perpendicular propagation directions at these 
ranges (Fig. 57).  
 
 Weaker negative lapse rates in the PBL do not change the effects of varying PBL and FA 
directional shear without speed shear in the antiparallel and 90º perpendicular propagation 
directions as the effects are equivalent to the simulations with a strongly downward refracting 
temperature profile (Fig. 58). The parallel and 270º perpendicular propagation directions appear 
to be different. Both directions are highly influenced by PBL directional shear. In the parallel 
direction, surface TL increases as PBL directional shear increases. In the 270º perpendicular 
direction, however, surface TL is maximized at 90 º/km and minimized at 0 and 180 º/km at 
ranges greater than 10 km (Fig. 58). The overall pattern and effects of adding strong speed shear 
to the troposphere are similar to the results from the stronger downward refracting temperature 
profile, albeit greatly magnified. Stronger influence from the FA and PBL emerges in the parallel 
propagation direction for strong PBL and weak FA directional shear. Similarly, this occurs for 
weak PBL and FA directional shear in the antiparallel propagation direction as well (Fig. 59). In 
the 270º perpendicular propagation direction, at 100 km, surface TL decreases by 83.6 dB from 6 
to 12 º/km of FA shear when PBL directional shear is 90 º/km compared to only a 49.6 dB 
decrease with the stronger downward refracting temperature profile (Fig. 59). 
 
3.2.2 Wind shear vs. temperature 
 
This section presents the results and analysis from Tests 12 through 17 to determine the 
relative effects of varying wind shear and lapse rates in each layer by using contour plots similar 
to Sec. 3.2.1, however layer lapse rate varies on the x-axis and layer wind shear varies on the y-
axis. The purpose is to better assess how changes in lapse rate in one layer may affect surface TL 
under varying shear conditions. Like in the previous section, surface TL is contoured at 5 dB 
intervals at ranges of 10, 50, 100, 150, and 200 km from the source of the signal. This is done for 
the same wind profiles, temperature profiles, and propagation directions relative to the surface 
wind for a total of 80 simulations for each test. Tests 12 and 13, however, only compare 3 
different temperature profiles since PBL lapse rate is allowed to vary in these tests. A more 
detailed description of these tests can be found in Sec. 2.3.4. The results are presented such that 
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the four wind profiles are first analyzed in an isothermal temperature profile, then in two upward 
and two downward refracting temperature profiles so that a total of 20 plots are exhibited for 
each test. Tests 12 and 13 exclude the downward refracting temperature profiles as lapse rates in 
the FA are always positive for the purposes of this study. A primarily quantitative analysis is 
presented first in this section. A more qualitative analysis and discussion is provided in Chapter 
4. 
 
Test 12 
 
 Test 12 compares lapse rates and wind shear in the PBL. In this test, the PBL wind shear 
varies from 0 to 25 m s
-1 
km
-1
 for speed shear simulations and 0 to 180 º/km for directional shear 
simulations. The PBL lapse rate varies from -12 to 12 ºC/km. FA and stratosphere wind shear is 
fixed at 0 m s
-1 
km
-1
 for simulations that allow PBL speed shear to vary and 0 º/km for 
simulations that allow PBL directional shear to vary. For each temperature profile, the 4 wind 
profiles are presented in the following order: 
1. Varying PBL speed shear with directional shear constant at 0 º/km 
2. Varying PBL speed shear with directional shear constant at 360º /11 km 
3. Varying PBL directional shear with speed shear constant at 0 m s-1 km
-1
 
4. Varying PBL directional shear with speed shear constant at 6 m s-1 km-1 
 
Test 12 – Isothermal temperature profile 
 
 Figures 60-63 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an isothermal temperature profile in which the FA and stratosphere lapse rate is fixed at 0 
ºC/km. Strong and weak upward refracting temperature profiles are added following the 
isothermal analysis. Since the downward refracting temperature profiles require negative lapse 
rates in the PBL, they are covered in these simulations.  
 
 When PBL speed shear is allowed to vary and directional shear is fixed at 0 º/km 
throughout all layers, the perpendicular propagation directions exhibit no effect from varying 
speed shear, which is consistent with previous tests. Only changes in the PBL lapse rate are 
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responsible for any changes in surface TL. Consistent with Figs. 13a-e, stronger positive lapse 
rates result in stronger upward refraction and negative lapse rates result in downward refraction. 
The parallel propagation direction shows that the downward refractive effects of speed shear in 
the PBL dominate the upward refraction of positive lapse rates for speed shear greater than 5 m 
s
-1 
km
-1
 at all ranges. Conversely, the upward refractive effects of speed shear in the antiparallel 
propagation direction dominate the downward refraction of negative lapse rates for speed shear 
greater than 5 m s
-1 
km
-1
 at all ranges (Fig. 60). When strong directional shear is added to the 
troposphere, the two perpendicular propagation directions are significantly impacted. At 10 km, 
increasing PBL speed shear increases (decreases) surface TL in the 270º (90º) perpendicular 
direction while the parallel and antiparallel directions are virtually unaffected. In fact, the 
parallel propagation direction is essentially unaffected at all ranges. There is no discernable 
relationship between PBL speed shear and lapse rate in the antiparallel propagation direction at 
ranges greater than 50 km. Surface TL is highly influence by speed shear in both perpendicular 
directions, particularly when coupled with positive PBL lapse rates. Both lapse rate and wind 
shear, however, are highly uncorrelated to surface TL in the downward refracting regimes at 
longer ranges (Fig. 61). 
 
 The simulations that allow directional shear to vary while holding speed shear constant at 
0 m s
-1 
km
-1
 in all layers present some interesting results. Varying PBL directional shear has a 
distinguishable effect on surface TL unique to each propagation direction that occurs at all 
ranges (Fig. 62). Starting with parallel propagation direction, surface TL becomes more sensitive 
to changes in PBL directional shear for larger shear magnitudes. For example, when the PBL 
lapse rate is -1 ºC/km, surface TL increases by 2.9 dB from 30 to 60 º/km of PBL shear, 
however, the increase from 150 to 180 º/km is 10.8 dB (Fig. 62). A similar effect occurs in the 
antiparallel propagation direction, however, larger magnitudes of PBL direction shear have an 
increasingly stronger downward refracting effect. The 90º perpendicular propagation direction 
exhibits an increasingly weaker downward refracting effect for stronger PBL directional shear 
magnitudes. Increasing directional shear in the 270º perpendicular propagation direction results 
in upward refraction up to 90 º/km. Increasing from 90 to 180 º/km has an increasingly stronger 
downward refracting effect so that surface TL is maximized at 90 º/km of PBL directional shear 
(Fig. 62). When strong speed shear is added in the troposphere, the 90º perpendicular 
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propagation direction exhibits similar results to the speed shear simulations with strong 
directional shear (Figs. 61 and 63). In the parallel propagation direction, directional shear only 
has a significant influence on surface TL for direction shear greater than 60 º/km above which 
surface TL increases with directional shear. In the antiparallel propagation direction, increasing 
directional shear has a downward refracting effect, except for strong negative lapse rates greater 
than approximately -10 ºC/km. The 270º perpendicular propagation direction is similar to the 
simulations without speed shear, however the effects from directional shear are amplified. For 
example, surface TL increases by 22.9 dB from 30 to 60 º/km of PBL directional shear at 50 km 
whereas the increase is only 16.9 dB without speed shear (Figs. 62 and 63). 
 
Test 12 – Upward refracting temperature profile 
 
 Figures 64-67 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an upward refracting temperature profile in which the FA lapse rate is fixed at 6.5 ºC/km and 
the stratosphere at -1 ºC/km.  
 
 There is virtually no difference between the upward refracting and isothermal 
temperature profiles when comparing simulations that allow speed shear to vary without 
directional shear (Fig. 64). Adding strong directional shear, however, does have large effect on 
the two perpendicular and antiparallel propagation directions while the parallel direction is 
virtually unaffected. The 90º perpendicular propagation direction becomes similar to the parallel 
direction with the addition of directional shear. In the 270º perpendicular direction, PBL speed 
shear has an upward refracting effect at 50 km, but at longer ranges, the effect becomes 
downward refracting for speed shear greater than 15 m s
-1 
km
-1
 (Fig. 65). A similar pattern 
emerges in the antiparallel propagation direction. At 50 km, speed shear has an upward refracting 
effect until 10 m s
-1 
km
-1
 where it abruptly reverses to strongly downward refracting. This shift 
occurs at 5 m s
-1 
km
-1
 for ranges greater than 50 km. The downward refraction due to PBL wind 
shear in the antiparallel direction is strong enough to counteract the upward refracting effects of 
strong positive lapse rates. For example, the surface TL for PBL speed shear of 15 m s
-1 
km
-1
 
with a PBL lapse rate of 12 ºC/km is -135.8 dB at 100 km (Fig. 65). 
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 The simulations that allow direction shear to vary while speed shear is constant at 0 m s
-1 
km
-1
 are nearly identical to the simulations with the isothermal profile (Fig. 66). Some 
complicated patterns arise when strong speed shear is added, though. The 90º perpendicular 
propagation direction is similar to Fig. 65; however, the other directions are much different. In 
the parallel propagation direction, surface TL is maximized between 60 and 120 º/km of PBL 
directional shear and moderate to strong positive lapse rates. Direction shear greater than 120 
º/km and less than 60 º/km exhibits a downward refracting effect. In the antiparallel direction, the 
upward refraction is maximized at 60 and 90 º/km for positive lapse rates. Directional shear has a 
downward refracting effect for values below 60 º/km and greater than 90 º/km when lapse rates 
are positive. Interestingly, a second maximum occurs at 30 º/km of directional shear and weaker 
negative lapse rates. In the 270º perpendicular direction, downward refraction is maximized for 
directional shear of 90 º/km and positive lapse rates so that directional shear has an increasingly 
stronger upward refracting effect for values above and below 90 º/km. For negative lapse rates, 
however, directional shear has an upward refracting effect from 0 to 60 º/km, downward 
refracting at 90 º/km, upward refracting at 120 º/km, and then downward again from 120 to 180 
º/km (Fig. 67).   
  
Test 12 – Weakly upward refracting temperature profile 
 
 Figures 68-71 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a weakly upward refracting temperature profile in which the FA lapse rate is fixed at 3 ºC/km 
and the stratosphere at -1 ºC/km.  
 
 Again, there is no difference in the speed shear simulations without directional shear 
(Fig. 68). The effects of adding strong directional shear in the troposphere are identical to the 
simulations with a stronger upward refracting temperature profile for the parallel and 90º 
perpendicular propagation directions. The other two directions are a little different. At 50 km, 
increasing PBL speed shear in the 270º perpendicular propagation direction has very slight 
upward refracting effect until 15 to 20 m s
-1 
km
-1
 where the effect becomes strongly downward 
refracting. For example, when the PBL lapse rate is 1 ºC/km, surface TL increases by 15.3 dB 
from 0 to 15 m s
-1 
km
-1
 and decreases by 60.5 dB from 20 to 25 m s
-1 
km
-1
. In the antiparallel 
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propagation direction surface TL is maximized at 5 m s
-1 
km
-1
 for lapse rates greater than about -
7 ºC/km. Speed shear greater than 5 m s
-1 
km
-1
 has a downward refracting effect (Fig. 69). At 
ranges greater than 50 km, the antiparallel propagation direction is similar to the parallel 
direction as increasing PBL speed shear has a downward refracting effect for positive lapse rates. 
This is true in the 270º perpendicular direction for speed shear greater than 5 m s
-1 
km
-1
 for 
positive and weak negative lapse rates. Increasing speed shear from 0 to 5 m s
-1 
km
-1
, however, 
has an upward refracting effect for lapse rates between 0 and -6 ºC/km (Fig. 69).  
 
 Simulations that allow directional shear to vary while fixing speed shear at 0 m s
-1 
km
-1
 in 
all layers are equivalent to the simulations run with the isothermal and stronger upward 
refracting temperature profile (Fig. 70). When strong speed shear is added, the results are nearly 
identical to the simulations with the isothermal temperature profile (Fig. 71). The only notable 
difference occurs at 50 km in the 90º perpendicular propagation direction for lapse rates between 
10 and 12 ºC/km. Here the upward refraction from the strong positive lapse rates is still enough 
for surface TL to be greater than 140 dB when directional shear is 30 º/km (Fig. 71). This 
difference is likely due to the 3 ºC/km lapse rate introduced to the FA in these simulations. 
 
Test 13 
 
 Test 13 compares lapse rates in the PBL to wind shear in the FA. In this test, the FA wind 
shear varies from 0 to 6 m s
-1 
km
-1
 for speed shear simulations and 0 to 36 º/km for directional 
shear simulations. The PBL lapse rate varies from -12 to 12 ºC/km. PBL and stratosphere wind 
shear is fixed at 0 m s
-1 
km
-1
 for simulations that allow FA speed shear to vary and 0 º/km for 
simulations that allow FA directional shear to vary.  
 
Test 13 – Isothermal temperature profile 
 
 Figures 72-75 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an isothermal temperature profile in which the FA and stratosphere lapse rate is fixed at 0 
ºC/km. Strong and weak upward refracting temperature profiles are added following the 
isothermal analysis. Since the downward refracting temperature profiles require negative lapse 
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rates in the PBL, they are already included in these simulations as they are represented by the 
negative lapse rates in each plot. The same procedure is followed as in Test 12 for all remaining 
tests. 
 
 Consistent with the findings from Tests 6-8, the FA has no effect on surface TL at 10 km 
for all simulations in this test due to close proximity to the source of the signal. For simulations 
in which the directional shear is fixed at 0 º/km and FA speed shear is allowed to vary, the two 
perpendicular propagation directions are only influence by lapse rates in the PBL and are 
completely unaffected by FA speed shear (Fig. 72). This true for the antiparallel propagation 
direction at ranges of 150 and 200 km. At 50 and 100 km, there is some effect from varying FA 
speed shear for positive PBL lapse rates. The effect is both upward and downward refracting. For 
example, at 50 km, increasing FA speed shear from 0 to 6 m s
-1 
km
-1
 with a 5 ºC/km PBL lapse 
rate increases surface TL by 10.8 dB while the result is a 10.3 dB decrease with a 2 ºC/km PBL 
lapse rate (Fig. 72). In the parallel propagation direction, increasing FA speed shear has a 
downward refracting affect where only 2 m s
-1 
km
-1
 of FA speed shear is required to overcome 
the upward refraction of strong positive PBL lapse rates for ranges greater than 50 km (Fig. 72). 
When strong directional shear is added in the troposphere, all propagation directions exhibit a 
downward refracting effect from FA speed shear. The antiparallel and 90º perpendicular 
propagation directions are different in that positive lapse rates are within the downward 
refracting regime when FA speed shear is 0 m s
-1 
km
-1
. At 100 km, upward refraction begins 
occurring for PBL lapse rates greater than about 5 ºC/km in the 90º perpendicular propagation 
direction and 9 ºC/km in the antiparallel direction (Fig. 73). At 150 and 200 km, weak positive 
lapse rates (approximately 0 to 5 ºC/km) are associate with weaker surface TL for FA speed 
shear of 0 m s
-1 
km
-1
 in the 270º perpendicular direction as well (Fig. 73).  
 
 The parallel and antiparallel propagation directions are unaffected by FA speed shear at 
50 km for simulations that allow directional shear to vary while speed shear is fixed at 0 m s
-1 
km
-1
 (Fig. 74). In fact, the parallel direction is virtually unaffected by FA speed shear at all 
ranges, however, the antiparallel direction exhibits significant downward refraction from the FA 
for directional shear greater than 24 º/km at 100 km and greater than 12 º/km at 150 and 200 km 
for positive PBL lapse rates. At 100 km, the 270º perpendicular propagation direction is virtually 
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unaffected by FA directional shear, however, directional shear greater than 30 º/km at 150 km 
and 24 º/km at 200 km has a downward refracting effect on surface TL for positive PBL lapse 
rates (Fig. 74). This downward refracting effect also occurs in the 90º perpendicular propagation 
direction for weak to moderate FA directional shear and positive PBL lapse rates. When adding 
strong speed shear, the antiparallel propagation direction exhibits upward refraction for negative 
PBL lapse rates and FA directional shear less than 12 º/km suggesting strong speed shear has a 
strong upward refracting effect in the antiparallel direction that overcomes the downward 
refraction of negative PBL lapse rates. The parallel propagation direction is within a downward 
refracting regime for all magnitudes of FA directional shear and PBL lapse rates. This downward 
refracting regime occurs in the two perpendicular directions as well except for positive PBL 
lapse rates and FA directional shear of 0 º/km in the 90º perpendicular direction and less than 24 
º/km in the 270º perpendicular direction (Fig. 75).  
 
Test 13 – Upward refracting temperature profile 
 
 Figures 76-79 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an upward refracting temperature profile in which the FA lapse rate is fixed at 6.5 ºC/km and 
the stratosphere at -1 ºC/km. 
 
 The parallel and antiparallel propagation directions are similar for the speed shear 
simulations without directional shear. Both exhibit high surface TL for positive PBL lapse rates 
and weak to moderate FA speed shear, however, a downward refracting effect arises when FA 
speed shear increases above 4 m s
-1 
km
-1
 (Fig. 76). This same effect also occurs in the antiparallel 
and perpendicular propagation directions at 50 km and all propagation directions at 100 to 200 
km when strong directional shear is added to the troposphere (Fig. 77). The 90º perpendicular 
direction, however, exhibits downward refraction for PBL lapse rates less than 3 or 4 ºC/km at 
ranges greater than 50 km. Similarly, the antiparallel propagation direction exhibits downward 
refraction for PBL lapse rates less than 1 ºC/km (Fig. 77). 
 
 There is no affect from FA directional shear when speed shear is fixed at 0 m s
-1 
km
-1
 
(Fig. 78). When strong directional shear is added to the troposphere, the results for the parallel 
56 
 
and 90º perpendicular propagation directions are similar to the simulations with the isothermal 
temperature profile, however the other two directions are different. In the 270º perpendicular 
direction, increasing FA directional shear has alternating effects on surface TL for positive PBL 
lapse rates. For example, directional shear of 6 to 12 º/km and 24 to 36 º/km is downward 
refracting while 0 and 18 º/km is largely upward refracting at 150 km (Fig. 79). In the 
antiparallel propagation direction, the upward refraction from FA directional shear of 6 to 12 
º/km overcomes the downward refraction of weak and moderate negative PBL lapse rates (Fig. 
79). 
 
Test 13 – Weakly upward refracting temperature profile 
 
 Figures 80-83 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an upward refracting temperature profile in which the FA lapse rate is fixed at 3 ºC/km and 
the stratosphere at -1 ºC/km.  
 
 There is virtually no effect from FA speed shear in the antiparallel and two perpendicular 
propagation directions when directional shear is fixed at 0 º/km (Fig. 80). The parallel 
propagation direction is similar to the simulations with the stronger upward refracting 
temperature profile, except the downward refracting effect arises for FA speed shear greater than 
2 m s
-1 
km
-1
 instead of 4 m s
-1 
km
-1
. When adding strong directional shear, a similar effect occurs 
in all propagation directions. The effects of varying PBL lapse rate and FA speed shear are 
similar to the simulations with the stronger upward refracting temperature profile. Here, surface 
TL values are shifted towards weaker FA speed shear magnitudes due to the weaker lapse rates 
in the FA (Fig. 81). 
 
 Consistent with the simulations coupled with the stronger upward refracting temperature 
profile, there is virtually no effect from varying directional shear in the FA at all ranges when 
speed shear is fixed at 0 m s
-1 
km
-1
 in all layers (Fig. 82). When strong directional shear is added, 
the parallel and 90º perpendicular propagation directions are similar to the simulations with the 
stronger upward refracting temperature profile at all ranges. The only difference occurs at 50 km 
in the 90º perpendicular direction where FA directional shear greater than 6 º/km, instead of 12 
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º/km, results in downward refraction for positive lapse rates (Fig. 83). The antiparallel and 270º 
perpendicular propagation directions are different at all ranges. Here, FA directional shear 
greater than 6 º/km in the antiparallel direction has a downward refracting effect and PBL lapse 
rates between 12 and about -9 ºC/km are within a strongly upward refracting regime for FA 
directional shear of 0 and 6 º/km (Fig. 83). In the 270º perpendicular direction, however, only 
positive PBL lapse rates are associated with the strong upward refraction if FA directional shear 
is less than 24 º/km at 50 to 150 km and less than 30 º/km at 200 km (Fig. 83). 
 
Test 14 
 
 Test 14 compares lapse rates in the FA to wind shear in the PBL. In this test, the PBL 
wind shear varies from 0 to 25 m s
-1 
km
-1
 for speed shear simulations and 0 to 180 º/km for 
directional shear simulations. The FA lapse rate varies from 0 to 10 ºC/km. FA and stratosphere 
wind shear is fixed at 0 m s
-1 
km
-1
 for simulations that allow PBL speed shear to vary and 0 º/km 
for simulations that allow PBL directional shear to vary. 
 
Test 14 – Isothermal temperature profile 
 
Figures 84-87 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an isothermal temperature profile in which the PBL and stratosphere lapse rate is fixed at 0 
ºC/km. Strong and weak upward and downward refracting temperature profiles are added 
following the isothermal analysis.  
 
 For simulations that allow PBL speed shear to vary with no directional shear, there is no 
influence from varying lapse rates in the FA. In the two perpendicular propagation directions, 
there is virtually no influence from both PBL speed shear and FA lapse rates, however, PBL 
speed shear dominates in the parallel and antiparallel propagation directions. In the parallel 
direction, increasing PBL speed shear has downward refracting effect whereas the effect is 
strongly upward refracting in the antiparallel direction. Surface TL exceeds 140 dB at 50 km 
with just 5 m s
-1 
km
-1
 of PBL speed shear (Fig. 84). Equivalent effects are still seen in the parallel 
propagation direction when strong directional shear is added to the troposphere. In the 
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antiparallel propagation direction, surface TL is maximized for stronger FA lapse rates and weak 
to moderate PBL speed shear. As FA lapse rate increases, stronger PBL speed shear is needed for 
downward refraction to occur, however, all FA lapse rates are within a regime of downward 
refraction when PBL speed shear is 0 m s
-1 
km
-1
. In the 270º perpendicular direction, strong PBL 
speed shear or weak FA lapse rates are required for surface TL to stay lower than the 140 dB 
threshold. At 50 km it is clear that surface TL is maximized for strong PBL speed shear and 
strong FA lapse rates (Fig. 85). In the 90º perpendicular direction, there is only slight influence 
from PBL speed shear as all combinations of FA lapse rate and PBL speed shear have a 
downward refracting effect (Fig. 85).  
 
 The antiparallel and 90º perpendicular propagation directions exhibit negligible influence 
from varying FA lapse rates and only slight influence from PBL directional shear for directional 
shear simulations with 0 m s
-1 
km
-1
 speed shear. The entire plots are in a downward refracting 
regime. Increasing PBL directional shear still results in increasing upward refraction in the 
parallel propagation direction. This is true for the 270º perpendicular direction for PBL 
directional shear of 0 to 90 º/km, however, the effect becomes downward refracting when 
increasing from 90 to 180 º/km. Surface TL is maximized at 90 º/km. The effect of varying FA 
lapse rates in the parallel and 270º perpendicular directions is negligible (Fig. 86). Adding strong 
speed shear has a large effect on surface TL in all propagation directions. In the 270º 
perpendicular direction, PBL directional shear is upward refracting at 30 and 150 º/km, 
downward refracting at 0 and 180 º/km, and strongly downward refracting from 60 to 120 º/km 
for FA lapse rates stronger than 6 ºC/km. The 90º perpendicular direction is downward refracting 
for nonzero PBL directional shear magnitudes and all FA lapse rates. Increasing PBL directional 
shear from 0 to 30 º/km has a downward refracting effect. For example, at 200 km, surface TL 
decreases by 16.5 dB from 0 to 30 º/km of PBL direction shear (Fig. 87). In the parallel 
direction, downward refraction occurs for PBL directional shear of 0 to 90 º/km and all FA lapse 
rates, however, PBL directional shear stronger than 90 º/km combined with FA lapse rates less 
than about 7 ºC/km results in strong upward refraction. The opposite is true in the antiparallel 
propagation direction where all FA lapse rates with PBL directional shear between 90 and 180 
º/km cause downward refraction. A second region of downward refraction occurs for FA lapse 
rates stronger than 6 ºC/km and PBL directional shear of 0 and 30 º/km (Fig. 87). 
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Test 14 – Upward refracting temperature profile 
 
Figures 88-91 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an upward refracting temperature profile in which the PBL lapse rate is fixed at 6.5 ºC/km 
and the stratosphere at -1 ºC/km. 
 
For simulations that allow speed shear to vary in the PBL and fix directional shear at 0 
º/km, the effects are the same as the isothermal temperature profile for all ranges and propagation 
directions (Fig. 88). When strong directional shear is added, the parallel propagation direction is 
unaffected. The 90º perpendicular direction takes on the same effects as the parallel direction as 
there is no significant effect from varying FA lapse rates and nonzero PBL speed shear results in 
downward refraction. The antiparallel and 270º perpendicular propagation directions are similar 
to the isothermal temperature profile simulations as well, however, the addition of a 6.5 ºC/km 
lapse rates in the PBL results in sufficient upward refraction for profiles with no PBL speed 
shear to produce surface TL greater than 140 dB (Fig. 89). 
 
The parallel and 270º perpendicular propagation directions are both strongly upward 
refracting for all combinations of PBL directional shear and FA lapse rate for directional shear 
simulations without speed shear (Fig. 90). Increasing PBL directional shear has a downward 
refracting effect in the 90º perpendicular and antiparallel directions as greater than 60 and 90 
º/km, respectively, is sufficient to overcome the upward refraction from the temperature profile 
(Fig. 90). In the antiparallel direction, however, varying weak FA lapse rates may have a notable 
effect on surface TL, particularly at 150 km where surface TL increases by 17.2 dB from 1 to 0 
ºC/km when PBL shear is 120 º/km (Fig. 90). The effects of adding strong speed shear are 
similar to the isothermal temperature profile simulations, but amplified. For example, the 
downward refracting effect of increasing PBL directional shear from 0 to 30 º/km at 200 km in 
the 90º perpendicular propagation direction decreases surface TL by 79 dB (Fig. 91). This is 
much more significant when compared to the 16.5 dB decrease with the isothermal temperature 
profile. In the parallel propagation direction, the effect of an upward refracting temperature 
profile is that stronger positive FA lapse rates and slightly weaker PBL directional shear are 
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associate with stronger surface TL. For example, at 150 km, FA lapse rates less than 10 ºC/km 
with PBL directional shear of 120 º/km contain surface TL higher than 140 dB while this 
occurred for PBL directional shear of 180 º/km and FA lapse rates less than 5 ºC/km with the 
isothermal temperature profile (Fig. 91). Again the effects of varying PBL shear in the 270º 
perpendicular propagation direction is similar to the simulations with the isothermal temperature 
profile, however, the upward refraction is strong enough that PBL directional shear of 0 and 180 
º/km exhibit surface TL stronger than 140 dB (Fig. 91). 
 
Test 14 – Weakly upward refracting temperature profile 
 
 Figures 92-95 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for an upward refracting temperature profile in which the PBL lapse rate is fixed at 3 ºC/km and 
the stratosphere at -1 ºC/km. 
 
 The effects of a weakly upward refracting temperature profile are equivalent to the 
isothermal and stronger upward refracting temperature profile for simulations that allow PBL 
speed shear to vary while fixing directional shear in the troposphere at 0 º/km (Fig. 92). The 
effect of adding strong directional shear to the troposphere is equivalent to the simulations with 
the upward refracting temperature profile for all propagation directions except the 90º 
perpendicular direction (Fig. 93). The only difference here is that weak FA lapse rates have an 
effect on surface TL when PBL speed shear is 0 m s
-1 
km
-1
. At its maximum effect, surface TL 
decreases by 27.9 dB from 2 to 1 ºC/km at 200 km (Fig. 93). 
 
 For directional shear simulations without speed shear, the effects are similar to the 
simulations with the stronger upward refracting temperature profile (Fig. 94). Weak FA lapse 
rates may still have an effect in the antiparallel and 90º perpendicular propagation directions. The 
upward refraction from the weaker upward refracting temperature profile is not as strong, so at 
50 km, surface TL is still lower than 140 dB for PBL directional shear of 0 to 30 º/km and 150 to 
180 º/km in the 270º perpendicular propagation direction and for PBL direction shear of 0 to 150 
º/km in the parallel direction (Fig. 94). When strong directional shear is added to the troposphere, 
the effects are similar to the simulations with a stronger upward refracting temperature profile, 
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but less amplified due to the weaker PBL lapse rate (Fig. 95). This is best illustrated at 150 km in 
the parallel propagation direction where surface TL exceeds 140 dB for FA lapse rates less than 
6 ºC/km and PBL directional shear of 150 º/km. With the stronger upward refracting temperature 
profile, this are encompassed FA lapse rates less than 10 ºC/km and PBL directional shear of 120 
º/km (Fig. 95).  
 
Test 14 – Downward refracting temperature profile 
 
 Figures 96-99 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 km 
for a downward refracting temperature profile in which the PBL lapse rate is fixed at -10 ºC/km 
and the stratosphere at -1 ºC/km. 
 
 Even with strong negative lapse rates in the PBL, the effects of varying PBL speed shear 
and FA lapse rates with directional shear fixed at 0 º/km are similar to the previous simulations 
with isothermal and upward refracting temperature profile (Fig. 96). Here, PBL speed shear 
greater than 5 m s
-1 
km
-1
 in the antiparallel propagation direction induces sufficient upward 
refraction to overcome the downward refracting effect from the temperature profile (Fig. 96). 
When strong directional shear is added, the effects appear different than the other temperature 
profiles, however, they are still similar in a general sense. This is evident in the 270º 
perpendicular propagation direction at 200 km where surface TL is maximized for PBL speed 
shear of 20 and 25 m s
-1 
km
-1
 and strong FA lapse rates. This same pattern appeared in the 
simulations with the isothermal temperature profile at 50 km. In the antiparallel propagation 
direction, strong FA lapse rates and PBL speed shear between 5 and 15 m s
-1 
km
-1
 exhibited 
surface TL exceeding 140 dB for the isothermal temperature profile (Fig. 85). This is consistent 
with a strong downward refracting temperature profile as surface TL is strongest for PBL shear 
of 10 m s
-1 
km
-1
 and FA lapse rate of 10 ºC/km (Fig. 97). The parallel and 90º perpendicular 
propagation directions are within a downward refracting regime for all PBL speed shear 
magnitudes and FA lapse rates.  
 
 The effects of varying PBL directional shear without speed shear are slight. All 
propagation directions are within a downward refracting regime at all ranges (Fig. 98). Again, 
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when strong directional shear is added, the effects appear different than the isothermal and 
upward refracting temperature profiles, however they are still similar (Fig. 99). For example, in 
the 270º perpendicular propagation direction, surface TL is maximized for moderate PBL 
directional shear and moderate to weak FA lapse rates, which also occurred with the isothermal 
profile (Fig. 99). The downward refraction of the strong negative lapse rates in the PBL induces 
surface TL values lower than 140 dB in regions where they may have exceeded that threshold 
with the other temperature profiles. The effects of varying FA lapse rate and PBL directional 
shear are similar. 
 
Test 14 – Weakly downward refracting temperature profile 
 
 Figures 100-103 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a weakly downward refracting temperature profile in which the PBL lapse rate is fixed at 
-2 ºC/km and the stratosphere at -1 ºC/km. 
 
 Again, the effects of varying PBL speed shear and FA lapse rates with directional shear 
fixed at both 0 and 360º /11 km are similar to the previous simulations. In fact, this is true for all 
wind profiles (Figs. 100-103). The results from the weakly downward refracting temperature 
profile most closely resemble the results from simulations with the isothermal temperature 
profile (Figs. 84-87 and 100-103). This is likely because lapse rates in the PBL only differ by 2 
ºC/km. 
  
Test 15 
 
 Test 15 compares lapse rates and wind shear in the FA. In this test, the FA wind shear 
varies from 0 to 6 m s
-1 
km
-1
 for speed shear simulations and 0 to 36 º/km for directional shear 
simulations. The FA lapse rate varies from 0 to 10 ºC/km. PBL and stratosphere wind shear is 
fixed at 0 m s
-1 
km
-1
 for simulations that allow FA speed shear to vary and 0 º/km for simulations 
that allow FA directional shear to vary. 
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Test 15 – Isothermal temperature profile 
 
Figures 104-107 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for an isothermal temperature profile in which the PBL and stratosphere lapse rate is fixed at 
0 ºC/km. Strong and weak upward and downward refracting temperature profiles are added 
following the isothermal analysis.  
 
The effects of varying either FA lapse rate or speed shear are slight for simulations with 
no directional shear. The largest effects are seen in the parallel propagation direction where 
strong speed shear combined with weak lapse rates appears to have a slight downward refracting 
effect. For example, at 200 km, surface TL decreases by 16.4 dB when increasing FA speed 
shear from 4 to 5 m s
-1
 km
-1 
while the FA lapse rate is 5 ºC/km. Also, decreasing the FA lapse 
rate from 5 to 4 ºC/km results in an 18.2 dB decrease while FA speed shear is 4 m s
-1
 km
-1
. The 
antiparallel propagation direction exhibits slight downward refraction only for the strongest FA 
lapse rates and speed shear, specifically, FA lapse rates greater than 8 ºC/km and FA speed shear 
greater than 4 m s
-1
 km
-1 
(Fig. 104). This suggests that the effects of varying FA speed shear are 
slight, but notable in the parallel and antiparallel propagation directions. The perpendicular 
propagation directions are not affected by wind shear. Adding strong directional shear, however, 
does have a large impact. In the parallel propagation direction, increasing FA speed shear has a 
more significant effect on surface TL. Weaker FA speed shear results in downward refraction for 
weaker FA lapse rates. For example, at 150 km, if the FA lapse rate is 2 ºC/km and FA speed 
shear is 2 m s
-1
 km
-1
, surface TL is 92.0 dB. If the FA lapse rate is 6 ºC/km, however, 4 m s
-1
 km
-
1
 of FA speed shear is required for similar surface TL. The same effect is evident in the 270º 
perpendicular propagation direction, albeit more significant as surface TL exceeds 140 dB in the 
upward refracting regime. The antiparallel and 90º perpendicular propagation directions exhibit 
downward refraction for FA speed shear and lapse rate combinations (Fig. 105). 
 
Varying FA directional shear with no speed shear has minimal effect on surface TL, 
especially in the parallel and 270º perpendicular propagation directions. There are slight effects 
in the antiparallel and 90º perpendicular directions for very weak FA lapse rates, however, it is 
not clear whether FA directional shear has a downward or upward refracting effect in either 
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propagation direction (Fig. 106). When adding strong speed shear, significant effects arise in the 
antiparallel direction. Here, weak FA directional shear is strongly upward refracting. 6 º/km of 
FA directional shear exceeds 140 dB for all FA lapse rates. FA directional shear greater than 12 
º/km, however, results in downward refraction. Interestingly, strong FA lapse rates (greater than 
5 ºC/km) are downward refracting when FA directional shear is 0 º/km. The parallel propagation 
direction exhibits downward refraction for all combinations of FA directional shear and lapse 
rate. The effects of varying these parameters is minimal. Surface TL in the two perpendicular 
propagation directions is sensitive to changes in FA lapse rate and directional shear, however, it 
is highly variable. There is no discernable pattern as surface TL is uncorrelated to FA directional 
shear and lapse rate (Fig. 107).    
 
Test 15 – Upward refracting temperature profile 
 
Figures 108-111 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for an upward refracting temperature profile in which the PBL lapse rate is fixed at 6.5 
ºC/km and the stratosphere at -1 ºC/km. 
 
For simulations that allow FA speed shear to vary with no directional shear, the effects 
are the same as with the isothermal temperature profile. The two propagation directions exhibit 
no effect from FA speed shear, although surface TL exceeds 140 dB for all speed shear and lapse 
rate combinations by 100 km. Strong FA speed shear combined with weak lapse rates results in 
downward refraction in the parallel propagation direction. In the antiparallel direction, strong FA 
speed shear combine with strong lapse rates is downward refracting (Fig. 108). When strong 
directional shear is added, the parallel propagation direction is unaffected and all other 
propagation directions exhibit similar effects to the parallel direction. The antiparallel direction 
is slightly different in that weaker FA speed shear is downward refracting for strong FA lapse 
rates. For example, surface TL for FA speed shear of 4 m s
-1
 km
-1
 and FA lapse rate of 10 ºC/km 
is 94.3 dB at 150 km. Surface TL exceeds 140 dB for FA speed shear less than 6 m s
-1
 km
-1
 with 
a 10 ºC/km lapse rate for all other propagation directions (Fig. 109). 
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The effects of varying FA directional shear without speed shear is negligible in all 
propagation directions except the antiparallel direction. Surface TL exceeds 140 dB by 100 km 
for all FA directional shear and lapse rates in the parallel and two perpendicular directions. This 
true in the antiparallel direction for all non-zero FA lapse rates. For an FA lapse rate of 0 ºC/km, 
stronger FA directional shear results in enough downward refraction for surface TL to remain 
below 140 dB (Fig. 110). When strong speed shear is added, the parallel propagation direction 
exhibits downward refraction for all FA directional shear and lapse rate combinations. This is 
true in the 90º perpendicular direction as well, however, for FA directional shear greater than 6 
º/km. The antiparallel propagation direction exhibits similar results as the isothermal temperature 
profile shown in Fig. 107. The 270º perpendicular propagation direction exhibits a similar pattern 
to the antiparallel direction, however, shifted toward higher FA directional shear values. For 
example, the downward refracting regime for FA directional shear greater than 12 º/km in the 
antiparallel direction exists for directional shear greater than 18 º/km in the 270º perpendicular 
direction. Also, the lower surface TL values associated with stronger lapse rates and 0 º/km of 
directional shear are shifted to 6 and 12 º/km (Fig. 111).  
 
Test 15 – Weak upward refracting temperature profile 
 
Figures 112-115 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a weakly upward refracting temperature profile in which the PBL lapse rate is fixed at 3 
ºC/km and the stratosphere at -1 ºC/km. 
 
There is virtually no difference between the stronger and weaker upward refracting 
temperature profiles for all wind profiles. The effects of varying FA wind shear and lapse rate 
are equivalent to the stronger upward refracting temperature profile (Figs 112-115).  
 
Test 15 – Downward refracting temperature profile 
 
 Figures 116-119 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a downward refracting temperature profile in which the PBL lapse rate is fixed at -10 
ºC/km and the stratosphere at -1 ºC/km. 
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 The strong negative PBL lapse rates associated with this temperature profile dominate 
over any effects from wind and temperature in the FA for all wind profiles except when FA 
directional shear is allowed to vary while speed shear is fixed at 6 m s
-1
 km
-1 
(Figs. 116-118). For 
this wind profile, the antiparallel propagation direction does exhibit some notable effects from 
varying FA directional shear. Increasing FA directional shear appears to have a slight downward 
refracting effect. For example, surface TL decreases from 95.7 dB to 84.6 dB from 0 to 18 º/km 
of FA directional shear for a 4 ºC/km FA lapse rate at 100 km (Fig. 119).  
 
Test 15 – Weakly downward refracting temperature profile 
 
 Figures 120-123 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a weakly downward refracting temperature profile in which the PBL lapse rate is fixed at 
-2 ºC/km and the stratosphere at -1 ºC/km. 
 
 For simulations that allow FA speed shear to vary with no directional shear, the 
antiparallel and two perpendicular propagation directions exhibit no effects. The parallel 
propagation direction, however, exhibits some variability in surface TL, albeit minimal (Fig. 
120). When strong directional shear is added, the parallel, antiparallel, and 90º perpendicular 
propagation directions are within a downward refracting regime. The antiparallel exhibits similar 
effects to the isothermal and upward refracting temperature profiles as weak FA speed shear 
combined with strong lapse rates has an upward refracting affect (Figs. 105, 109, 113, and 121). 
 
 There are no notable effects from varying FA directional shear or lapse rate for 
simulations that allow FA directional shear to vary with no speed shear (Fig. 122). This is true 
for the parallel and two perpendicular propagation directions when strong speed shear is added, 
however, the antiparallel direction exhibits significant effects. These effects are virtually 
identical to the isothermal and upward refracting temperature profiles (Figs. 107, 111, 115, and 
123). 
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Test 16 
 
 Test 16 compares capping inversion lapse rates to wind shear in the PBL. In this test, the 
PBL wind shear varies from 0 to 25 m s
-1 
km
-1
 for speed shear simulations and 0 to 180 º/km for 
directional shear simulations. The capping inversion lapse rate varies from -12 to 0 ºC/km. FA 
and stratosphere wind shear is fixed at 0 m s
-1 
km
-1
 for simulations that allow PBL speed shear to 
vary and 0 º/km for simulations that allow PBL directional shear to vary. 
 
Test 16 – Isothermal temperature profile 
 
Figures 124-127 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for an isothermal temperature profile in which the PBL, FA, and stratosphere lapse rate is 
fixed at 0 ºC/km. Strong and weak upward and downward refracting temperature profiles are 
added following the isothermal analysis.  
 
For simulations that allow PBL speed shear to vary with no directional shear, there is no 
influence from the capping inversion in the parallel and antiparallel propagation directions. The 
effect of increasing PBL speed shear is downward refracting in the parallel direction and strongly 
upward refracting in the antiparallel direction as surface TL exceeds 140 dB with just 5 m s
-1
 km
-
1
 of PBL speed shear (Fig. 124). When strong directional shear is added, increasing PBL speed 
shear still results in downward refraction in the parallel propagation direction. The antiparallel 
and 90º perpendicular propagation directions exhibit downward refraction at all ranges. The 270º 
perpendicular propagation is interesting in that PBL speed shear of 5 and 10 m s
-1
 km
-1
 is upward 
refracting at 50 km. At 100 km, the strongest upward refraction occurs when PBL speed shear is 
0 m s
-1
 km
-1
 and FA lapse rates are strong. Ranges greater than 100 km exhibit downward 
refraction for all FA speed shear and lapse rates (Fig. 125). 
 
The antiparallel and 90º perpendicular propagation directions still exhibit downward 
refraction for simulations that allow PBL directional shear to vary without speed shear. In the 
parallel propagation direction, increasing PBL directional shear has an upward refracting effect. 
PBL directional shear between 0 and 120 º/km is strongly upward refracting for in the 270º 
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perpendicular propagation direction, especially for weaker capping inversion lapse rates. 
Specifically, strong upward refraction occurs between 0 and 120 º/km for a capping inversion 
lapse rate of 0 ºC/km, however, when the capping inversion lapse rate is -10 ºC/km, strong 
upward refraction occurs between 30 and 90 º/km (Fig. 126). Adding strong speed shear to the 
troposphere removes significant influence from the capping inversion lapse rate. PBL directional 
shear is strongly upward refracting from 30 to 150 º/km in the 270º perpendicular propagation 
direction. In the parallel direction, increasing PBL directional shear above 90 º/km has an 
upward refracting effect. The sensitivity of surface TL to increasing PBL directional shear 
increases with range. For example, increasing from 90 to 180 º/km increases surface TL by 49.3 
dB at 100 km, 73.8 dB at 150 km, and 93.8 dB at 200 km. The antiparallel propagation direction 
has the opposite effect. Decreasing PBL directional shear below 90 º/km has a strong upward 
refracting effect where surface TL is extremely sensitive at all ranges. The 90º perpendicular 
direction is downward refracting for all PBL directional shear and capping inversion lapse rates 
(Fig. 127). 
 
Test 16 – Upward refracting temperature profile 
 
Figures 128-131 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for an upward refracting temperature profile in which the PBL and FA lapse rate is fixed at 
6.5 ºC/km and stratosphere lapse rate is fixed at -1 ºC/km.  
 
For simulations that allow PBL speed shear to vary with no directional shear, the effects 
are similar to the isothermal temperature profile. The parallel propagation direction is strongly 
downward refracting and the antiparallel direction is strongly upward refracting. When strong 
directional shear is added, the parallel propagation direction is unaffected and the 90º 
perpendicular direction exhibits similar effects to the parallel direction. The antiparallel 
propagation direction, however, is now downward refracting for PBL speed shear greater than 10 
m s
-1
 km
-1
. Surface TL exceeds 140 dB for nearly all PBL speed shear and capping inversion 
lapse rate combinations in the 270º perpendicular propagation direction (Fig. 129). 
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The effects of varying PBL directional shear with no speed shear are similar to the effects 
of varying speed shear with strong directional shear in the antiparallel and 270º perpendicular 
propagation directions (Figs. 129 and 130). The capping inversion has slight but notable 
influence on surface TL, which is evident in the antiparallel and 90º perpendicular directions. For 
example, at 150 km, surface TL decreases by 18.7 dB from a capping inversion of 6 to 12 ºC/km 
in the antiparallel propagation direction. Surface TL is near or exceeds 140 dB for all ranges 
greater than 10 km in the parallel and 270º perpendicular propagation directions (Fig. 130). 
When strong speed shear is added to the troposphere, the capping inversion has almost no 
influence on surface TL. In the parallel propagation direction, PBL directional shear of 90 and 
120 º/km is upward refracting. A similar effect occurs in the antiparallel direction except that 
PBL directional shear of 60 º/km is strongly upward refracting. The opposite occurs in the 270º 
perpendicular propagation direction as surface TL exceeds 140 dB for PBL directional shear 
from 0 to 30 º/km and 150 to 180 º/km. PBL directional shear of 60 to 120 º/km is downward 
refracting. The 90º perpendicular propagation direction exhibits strong downward refraction for 
all non-zero PBL directional shear values (Fig. 131). 
 
Test 16 – Weakly upward refracting temperature profile 
 
Figures 132-135 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a weakly upward refracting temperature profile in which the PBL and FA lapse rate is 
fixed at 3 ºC/km and stratosphere lapse rate is fixed at -1 ºC/km.  
 
The effects are similar to the isothermal and stronger upward refracting temperature 
profiles for simulations that allow PBL speed shear to vary with no directional shear. When 
strong directional shear is added, the parallel propagation direction is unaffected and the 90º 
perpendicular direction exhibits downward refraction for all PBL speed shear and capping 
inversion lapse rates similar to the isothermal temperature profile (Figs. 125 and 133). The 
antiparallel propagation direction exhibits strong upward refraction for cap lapse rates from 0 to -
4 ºC/km with no PBL speed shear at ranges greater than 50 km. At 50 km, however, upward 
refraction is strongest where PBL speed shear is 5 m s
-1
 km
-1
 and the capping inversion lapse rate 
is between 0 and -8 ºC/km. The 270º perpendicular propagation direction is interesting as the 
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effects seem to change for differing ranges. At 50 km, the strongest upward refraction occurs for 
PBL speed shear of 10 and 15 m s
-1
 km
-1
. Ranges greater than 50 km exhibit the strongest 
upward refraction for PBL speed shear of 0 and 5 m s
-1
 km
-1
 (Fig. 133). 
 
For simulations that allow PBL directional shear to vary with no speed shear, the effects 
are similar to the isothermal temperature profile in the parallel and 270º perpendicular 
propagation directions (Figs. 126 and 134). Downward refraction is maximized for strong 
capping inversion lapse rates and weak PBL directional shear in the parallel propagation 
direction. In the 270º perpendicular propagation direction, PBL directional shear between 30 and 
150 º/km is strongly upward refracting. In the antiparallel and 90º perpendicular propagation 
directions, the effects are similar to the stronger upward refracting temperature profiles as 
increasing PBL directional shear has a downward refracting affect. When strong speed shear is 
added, the effects are similar to the isothermal temperature profiles for all propagation directions 
except the 90º perpendicular direction (Figs. 127 and 135). In the 90º perpendicular propagation 
direction, non-zero PBL directional shear is strongly downward refracting. Surface TL is 
maximized when there is no PBL directional shear and capping inversion lapse rates are strong 
(Fig. 135). 
 
Test 16 – Downward refracting temperature profile 
 
Figures 136-139 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a downward refracting temperature profile in which the PBL lapse rate is fixed at -10 
ºC/km, the FA at 3 ºC/km, and stratosphere at -1 ºC/km.  
 
The effects of varying PBL speed shear are similar to the isothermal and upward 
refracting temperature profiles. Increasing PBL speed shear in the parallel direction has a 
downward refracting effect and strong upward refracting affect in the antiparallel propagation 
direction. The only difference here is that surface TL exceeds 140 dB for PBL speed shear 
greater than 5 m s
-1
 km
-1
 (Fig. 136). When strong directional shear is added, all propagation 
directions are within a downward refracting regime for all ranges. Surface TL is highly 
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uncorrelated to PBL speed shear and capping inversion lapse rates, particularly in the antiparallel 
and 270º perpendicular propagation direction (Fig. 137).  
 
Again, all propagation directions are within a downward refracting regime at all ranges 
when PBL directional shear is allowed to vary with no speed shear (Fig. 138). This suggests that 
the strong negative PBL lapse rates associated with the downward refracting temperature profile 
dominate over the effects of PBL wind shear and capping inversion lapse rates in Figs. 137 and 
138. This is true for the parallel and 90º perpendicular directions when strong speed shear is 
added, however, some effects arise in the other two propagation directions. In the antiparallel 
propagation direction, increasing PBL directional shear has a slight downward refracting effect 
as surface TL is maximized when there is no PBL directional shear. In the 270º perpendicular 
propagation direction, strong upward refraction occurs for moderate PBL directional shear, 
specifically between 60 and 120 º/km (Fig. 139).   
 
Test 16 – Weakly downward refracting temperature profile 
 
Figures 140-143 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a downward refracting temperature profile in which the PBL lapse rate is fixed at -2 
ºC/km, the FA at 3 ºC/km, and stratosphere at -1 ºC/km.  
 
The effects of varying PBL speed shear are similar to the other temperature profiles. 
Increasing PBL speed shear in the parallel direction has a downward refracting effect and strong 
upward refracting affect in the antiparallel propagation direction (Fig. 140). When strong 
directional shear is added to the troposphere, the parallel and 90º perpendicular propagation 
directions are within a downward refracting regime. This is true in the antiparallel propagation 
direction, however, at 50 km, surface TL is maximized for PBL speed shear of 5 m s
-1
 km
-1
 and 
weak capping inversion lapse rates. In the 270º perpendicular propagation direction, upward 
refraction occurs for PBL directional shear of 5 m s
-1
 km
-1
 and all capping inversion lapse rates 
as the capping inversion has negligible influence on surface TL (Fig. 141). For simulations that 
allow PBL directional shear to vary, the effects are virtually identical to the isothermal 
temperature profile (Figs. 126-127 and 142-143).  
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Test 17 
 
 Test 17 compares capping inversion lapse rates to wind shear in the FA. In this test, the 
FA wind shear varies from 0 to 6 m s
-1 
km
-1
 for speed shear simulations and 0 to 36 º/km for 
directional shear simulations. The capping inversion lapse rate varies from -12 to 0 ºC/km. PBL 
and stratosphere wind shear is fixed at 0 m s
-1 
km
-1
 for simulations that allow FA speed shear to 
vary and 0 º/km for simulations that allow FA directional shear to vary. 
 
Test 17 – Isothermal temperature profile 
 
Figures 144-147 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for an isothermal temperature profile in which the PBL, FA, and stratosphere lapse rate is 
fixed at 0 ºC/km. Strong and weak upward and downward refracting temperature profiles are 
added following the isothermal analysis.  
 
 For simulations that allow FA speed shear to vary with no directional shear, all 
propagation directions are within a downward refracting regime (Fig. 144). This is true for the 
antiparallel and 90º perpendicular propagation directions when strong directional shear is added. 
The parallel and 270º perpendicular propagation directions, however, exhibit some hint of 
upward refraction for weak capping inversions with no FA speed shear. For example, at 100 km, 
surface TL is -157 dB with no capping inversion and PBL speed shear in the 270º perpendicular 
propagation direction. In the parallel propagation direction, surface TL is -106.8 dB with no 
capping inversion and PBL speed shear at 100 km (Fig. 145).  
 
 All propagation directions are downward refracting for simulations that allow FA 
directional shear to vary with no speed shear. In the parallel propagation direction, any change in 
surface TL, although slight, can be attributed to mainly changes in capping inversion lapse rate 
(Fig. 146). Adding strong speed shear does not affect the parallel and perpendicular propagation 
directions, however, significant FA directional shear effects arise in the antiparallel propagation 
direction. Capping inversions lapse rate has no influence on surface TL. FA directional shear 
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greater than 6 º/km has a strong downward refracting effect on surface TL while surface TL 
exceeds 140 dB for PBL directional shear of 0 and 6 º/km (Fig. 147). 
 
Test 17 – Upward refracting temperature profile 
 
Figures 148-151 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for an upward refracting temperature profile in which the PBL and FA lapse rate is fixed at 
6.5 ºC/km and stratosphere lapse rate is fixed at -1 ºC/km.  
 
Surface TL exceeds 140 dB at ranges greater than 50 km in the perpendicular propagation 
directions for simulations allowing FA speed shear to vary with no directional shear. In the 
parallel and antiparallel propagation directions, strong FA speed shear results in downward 
refraction. In the antiparallel direction, FA speed shear less than 6 m s
-1
 km
-1
 exhibit surface TL 
greater than 140 dB at ranges greater than 50 km. This occurs for FA speed shear less than 5 m s
-
1
 km
-1
 in the parallel propagation direction (Fig. 148). At 50 km, the parallel and antiparallel 
propagation directions exhibit downward refraction for stronger capping inversions for FA speed 
shear less than 6 m s
-1
 km
-1
. Surface TL decreases from 140 dB to 113.4 dB from 0 to -12 ºC/km 
for FA speed shear of 3 m s
-1
 km
-1
. When strong directional shear is added, the parallel 
propagation direction is virtually unaffected. The 90º perpendicular propagation direction 
exhibits downward refraction for FA speed shear greater than 3 m s
-1
 km
-1
. Strong capping 
inversion lapse rates for FA speed shear less than 4 m s
-1
 km
-1
 has a downward refracting effect. 
This effect is seen at 50 km in the antiparallel and 270º perpendicular directions, however, 
surface TL exceeds 140 dB for FA speed shear less than 4 m s
-1
 km
-1
 at ranges greater than 50 
km (Fig. 149). 
 
There is no effect evident from FA directional shear when speed shear is fixed at 0 m s
-1
 
km
-1
 in the troposphere. This is likely because surface TL exceeds 140 dB at ranges greater than 
50 km in all propagation directions. At 50 km, the capping inversion is the only parameter 
affecting surface TL (Fig. 150). When strong speed shear is added the parallel propagation 
direction is downward refracting similar to the isothermal (Figs. 147 and 151). The 90º 
perpendicular propagation direction exhibits downward refraction for all non-zero FA directional 
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shear at ranges greater than 50 km. At 50 km, however, FA directional shear greater than 12 º/km 
is downward refracting. For FA directional shear of 0 and 6 º/km, the capping inversion has a 
downward refracting affect similar to that described with the isothermal profile in Fig. 149. In 
the antiparallel propagation direction, weak FA directional shear is upward refracting as surface 
TL exceeds 140 dB for 6 and 12 º/km of FA directional shear. The 270º perpendicular 
propagation direction exhibits high sensitivity to varying FA directional shear. For example, with 
a capping inversion of -6 ºC/km, surface TL is 128.4 dB with no FA directional shear, 90.7 dB 
for 6 º/km, 132 dB for 18 º/km, and 77.3 dB for 36 º/km at 50 km. The capping inversion has 
minimal influence on surface TL for all propagation directions (Fig. 151). 
 
Test 17 – Weakly upward refracting temperature profile 
 
Figures 152-155 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a weakly upward refracting temperature profile in which the PBL and FA lapse rate is 
fixed at 3 ºC/km and stratosphere lapse rate is fixed at -1 ºC/km.  
 
 For simulations that allow FA speed shear to vary without directional shear, the parallel 
propagation direction exhibits downward refraction for FA speed shear greater than 2 m s
-1
 km
-1
 
for weak capping inversion lapse rates and greater than 0 m s
-1
 km
-1
 for strong capping inversion 
lapse rates. The capping inversion has a downward refracting effect for FA speed shear less than 
3 m s
-1
 km
-1
. Decreasing capping inversion lapse rate and FA speed shear has a downward 
refracting effect in the antiparallel propagation direction as surface TL is minimized for -12 
ºC/km and 0 m s
-1
 km
-1 
(Fig. 152). When strong directional shear is added, the parallel 
propagation direction exhibits similar effects. The 90º perpendicular direction is downward 
refracting at all ranges. The antiparallel direction exhibits downward refraction except for weak 
capping inversions and FA speed shear where surface TL is maximized. The 270º perpendicular 
propagation direction is similar to the parallel propagation direction, however, the capping 
inversion has minimal influence at ranges greater than 50 km (Fig. 153).  
 
 Simulations that allow FA directional shear to vary with no speed shear exhibit no 
influence from the FA in the parallel and antiparallel propagation directions. Increasing FA 
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directional shear has a slight downward refracting effect in the 90º perpendicular propagation 
direction. Surface TL decreases by 12.3 dB from FA directional shear of 0 to 36 º/km at 100 km. 
Conversely, in the 270º perpendicular propagation direction, surface TL increases by 9.1 dB 
from FA directional shear of 0 to 36 º/km at 100 km (Fig. 154). Similar to the stronger upward 
refracting temperature profile, adding strong speed shear results in downward refraction at all 
ranges in the parallel propagation direction. In the antiparallel and perpendicular propagation 
directions, increasing FA directional shear has a downward refracting effect. This occurs for 
non-zero FA directional shear in the 90º perpendicular propagation direction, greater than 6 m s
-1
 
km
-1
 in the antiparallel direction, and greater than 18 m s
-1
 km
-1
 in the 270º perpendicular 
direction. For FA directional shear less than 18 m s
-1
 km
-1
 in the 270º perpendicular direction, 
however, decreasing capping inversion lapse rate has a downward refracting effect (Fig. 155).  
 
Test 17 – Downward refracting temperature profile 
 
Figures 156-159 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a downward refracting temperature profile in which the PBL lapse rate is fixed at -10 
ºC/km, the FA at 3 ºC/km, and stratosphere at -1 ºC/km.  
 
 For all wind profiles, the strong downward refraction of this particular temperature 
profile dominates over the effects of FA wind shear and capping inversions. All propagation 
directions at all ranges exhibit downward refraction from the temperature profile so that the 
effects of varying FA wind shear capping inversion lapse rate are negligible (Figs. 156-159). The 
exception, however, is in the antiparallel propagation direction for simulations that allow FA 
directional shear to vary with strong speed shear. Here, FA directional shear less than about 12 
º/km appears to be slightly upward refracting. This is evident at 150 km where surface TL 
increases from -86.4 to -100.4 dB from 12 to 6 º/km of FA directional shear with a -6 ºC/km 
capping inversion (Fig. 159). 
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Test 17 – Weakly downward refracting temperature profile 
 
Figures 160-163 exhibit surface transmission loss at ranges of 10, 50, 100, 150, and 200 
km for a downward refracting temperature profile in which the PBL lapse rate is fixed at -2 
ºC/km, the FA at 3 ºC/km, and stratosphere at -1 ºC/km.  
 
 Similar to the stronger downward refracting temperature profile, all propagation 
directions exhibit downward refraction at all ranges for simulations that allow FA speed shear to 
vary with no directional shear (Fig. 160). This is true in the parallel, antiparallel, and 90º 
perpendicular propagation directions when strong directional shear is added. The 270º 
perpendicular propagation direction, however, exhibits upward refraction for weak capping 
inversions and FA speed shear. Similar to the weakly upward refracting temperature profile, 
surface TL is maximized for no capping inversion and FA speed shear (Figs. 153 and 161).  
 
 Again, similar to the stronger downward refracting temperature profile, all propagation 
directions exhibit downward refraction at all ranges for simulations that allow FA directional 
shear to vary with no speed shear (Fig. 160). Also similar to the stronger downward refracting 
temperature profiles, the antiparallel direction is the only propagation direction that exhibits 
significant effects and noticeable effects when strong speed shear is added. In the antiparallel 
direction, FA directional shear greater than 6 º/km is strongly downward refracting at ranges 
greater than 50 km. At 50 km, FA directional shear greater than 12 º/km is strongly downward 
refracting. Any effects from the capping inversion are minimal (Fig. 163). 
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a) 
b) 
Figure 4. Surface transmission loss for stratospheric lapse rates of -5, -3, and -1 C/km above an a) upward refracting PBL     
(PBL: 9.8 C/km, FA: 6.5 C/km) and a b) downward refracting PBL (PBL: -5 C/km, FA: 6.5 C/km). 
Table 8. Mean surface transmission loss for temperature profiles with different PBL 
lapse rates. (FA: 6.5 C/km; Stratosphere: -1 C/km) 
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a) b) 
c) 
Figure 5. Surface transmission loss for FA lapse rates of 9.8, 6.5, 3, and 0 C/km for an a) upward refracting PBL (PBL: 6.5 C/km, 
Stratosphere: -1 C/km), b) downward refracting PBL (PBL: -5 C/km, Stratosphere: -1 C/km), and an c) isothermal PBL and 
stratosphere. 
Figure 6. Surface transmission loss for PBL lapse rates of 9.8, 6.5, 3, -2, -5, -10 C/km (FA: 6.5 C/km, Stratosphere: -1 C/km). 
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Figure 7. Transmission loss with range and height for a temperature profile with an isothermal PBL, FA, and stratosphere. a) -4 
C/km capping inversion at 1 km above the surface. b) -12 C/km capping inversion at 1 km above the surface. c) Surface 
transmission loss for a -4 C/km and -12 C/km capping inversion at 1 km above the surface with an isothermal PBL, FA, and 
stratosphere. 
a) b) 
c) 
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a) 
b) 
Figure 8. Surface transmission loss for capping inversion lapse rates of -4 and -12 C/km above an a) upward 
refracting PBL (PBL: 6.5 C/km, FA: 6.5 C/km, Stratosphere: -1 C/km) and a b) downward refracting PBL (PBL: -5 
C/km, FA: 6.5 C/km, Stratosphere: -1 C/km). 
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Figure 9. Surface transmission loss for differing PBL lapse rates below a -12 C/km capping inversion  
(FA: 6.5 C/km, Stratosphere: -1 C/km). a) Upward refracting PBL. B) Downward refracting PBL. 
a) 
b) 
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Figure 10. Transmission loss with range and height for a temperature profile with an isothermal PBL, FA, and 
stratosphere. a) -4 C/km subsidence/frontal inversion at 4 km above the surface. b) -12 C/km subsidence/frontal 
inversion at 4 km above the surface. c) Surface transmission loss for a -4 C/km and -12 C/km subsidence/frontal 
inversion at 4 km above the surface with an isothermal PBL, FA, and stratosphere. 
a) b) 
c) 
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Figure 11. Surface transmission loss for subsidence/frontal inversion lapse rates of -4 and -12 C/km above an a) 
upward refracting PBL (PBL: 6.5 C/km, FA: 6.5 C/km, Stratosphere: -1 C/km) and a b) downward refracting PBL 
(PBL: -5 C/km, FA: 6.5 C/km, Stratosphere: -1 C/km). 
a) 
b) 
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Figure 12. Surface transmission loss for differing PBL lapse rates below a -12 C/km subsidence/frontal 
inversion (FA: 6.5 C/km, Stratosphere: -1 C/km). a) Upward refracting PBL. B) Downward refracting 
PBL. 
a) 
b) 
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Figure 13. Surface transmission loss for PBL lapse rates of 12 to -12 C/km and FA lapse rates of 10 to 0 C/km at ranges 
a) 10 km b) 50 km c) 100 km d) 150 km and e) 200 km from the source. Stratosphere is fixed at -1 C/km. 
a) b) 
c) d) 
e) 
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Figure 14. Surface transmission loss for PBL lapse rates of 6 to 0 C/km in increments of 0.5 C/km and FA lapse rates of 10 to 
0 C/km at ranges a) 10 km b) 50 km c) 100 km d) 150 km and e) 200 km from the source. Stratosphere is fixed at -1 C/km. 
  
a) b) 
c) d) 
e) 
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Figure 15. a) Surface transmission loss for FA lapse rates from 10 to 0 C/km (PBL: 3.5 C/km; Stratosphere: -1 C/km).            
b) Transmission loss with range and height (PBL: 3.5 C/km; FA: 10 C/km; Stratosphere: -1 C/km)                                               
c) Effective sound speed as a function of altitude (PBL: 3.5 C/km; FA: 10 C/km; Stratosphere: -1 C/km) 
a) 
b) c) 
Table 9. Mean surface transmission loss for temperature profiles with different 
capping inversion lapse rates. (PBL: 0 C/km; FA: 6.5 C/km; Stratosphere: -1 C/km 
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a) b) 
c) d) 
e) 
Figure 16. Surface transmission loss for PBL lapse rates of 12 to -12 C/km and capping inversion lapse rates of 0 to -12 C/km at 
ranges a) 10 km b) 50 km c) 100 km d) 150 km and e) 200 km from the source. Stratosphere is fixed at -1 C/km. 
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Figure 17. a) Surface Transmission loss for capping inversion lapse rates of 0, -3, -6, -9, and -12 C/km (PBL: 0 C/km; FA: 6.5 
C/km; Stratosphere: -1 C/km) b) Transmission loss with range and height (PBL: 0 C/km; Cap: -3 C/km; FA: 6.5 C/km; 
Stratosphere: -1 C/km) c) Transmission loss with range and height(PBL: 0 C/km; Cap: -12 C/km; FA: 6.5 C/km; Stratosphere: -1 
C/km) 
a) 
b) c) 
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a) b) 
c) d) 
e) 
Figure 18. Surface transmission loss for capping inversion lapse rates of 0 to -12 C/km and FA lapse rates of 10 to 0 C/km 
at ranges a) 10 km b) 50 km c) 100 km d) 150 km and e) 200 km from the source. The PBL and stratosphere are fixed at 
6.5 and -1 C/km respectively. 
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a) b) 
c) d) 
e) 
Figure 19. Surface transmission loss for capping inversion lapse rates of 0 to -12 C/km and FA lapse rates of 10 to 0 C/km 
at ranges a) 10 km b) 50 km c) 100 km d) 150 km and e) 200 km from the source. The PBL and stratosphere are fixed at -
4 and -1 C/km respectively. 
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Figure 20. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile isothermal. Plots are shown for 4 different propagation directions relative to the surface 
wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional 
shear for the troposphere and stratosphere is fixed at 0 . 
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Figure 21. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile isothermal. Plots are shown for 4 different propagation directions relative to the surface 
wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional 
shear for the troposphere is fixed at  and the stratosphere at 0 . 
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Figure 22. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile isothermal. Plots are shown for 4 different propagation directions relative to the surface 
wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear 
for the troposphere and stratosphere is fixed at 0 . 
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Figure 23. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile isothermal. Plots are shown for 4 different propagation directions relative to the surface 
wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear 
for the troposphere is fixed at 6  and 0  in the stratosphere. 
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Figure 24. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at 
-1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere and 
stratosphere is fixed at 0 . 
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Figure 25. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at 
-1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere is 
fixed at  and the stratosphere at 0 . 
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Figure 26. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at 
-1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the troposphere and 
stratosphere is fixed at 0 . 
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Figure 27. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at 
-1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the troposphere is fixed at 
6  and 0  in the stratosphere. 
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Figure 28. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere 
and stratosphere is fixed at 0 . 
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Figure 29. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere 
is fixed at  and the stratosphere at 0 . 
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Figure 30. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the troposphere and 
stratosphere is fixed at 0 . 
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Figure 31. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the troposphere is 
fixed at 6  and 0  in the stratosphere. 
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Table 10. Maximum change in surface TL over a range of 1  of speed shear for weak and 
strong upward refracting temperature profiles. Simulations that allow speed shear to vary and fix 
directional shear at  in the troposphere and 0  in the stratosphere are considered. 
Calculations are only performed for the parallel propagation direction and where surface TL is less than 
140 . 
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Figure 32. Surface transmission loss for tropospheric speed shear values of 0 to 6   and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is downward refracting. The PBL lapse rate is set at-10 , the FA at 3 ,  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere 
and stratosphere is fixed at 0 . 
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Figure 33. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is downward refracting. The PBL lapse rate is set at-10 , the FA at 3 ,  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere 
is fixed at  and the stratosphere at 0 . 
107 
 
 
 
 
 
Figure 34. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is downward refracting. The PBL lapse rate is set at-10 , the FA at 3 ,  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the troposphere and 
stratosphere is fixed at 0 . 
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Figure 35. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is downward refracting. The PBL lapse rate is set at-10 , the FA at 3 ,  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the troposphere is 
fixed at 6  and 0  in the stratosphere. 
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Figure 36. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly downward refracting. The PBL lapse rate is set at-2 , the FA at 3 ,  
and the stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: 
Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the 
troposphere and stratosphere is fixed at 0 . 
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Figure 37. Surface transmission loss for tropospheric speed shear values of 0 to 6  and stratospheric speed shear 
values of -3 to 3 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly downward refracting. The PBL lapse rate is set at-2 , the FA at 3 ,  
and the stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: 
Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the 
troposphere is fixed at  and the stratosphere at 0 . 
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Figure 38. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly downward refracting. The PBL lapse rate is set at-2 , the FA at 3 ,  
and the stratosphere at -1 .. Plots are shown for 4 different propagation directions relative to the surface wind direction: 
Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
troposphere and stratosphere is fixed at 0 . 
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Figure 39. Surface transmission loss for tropospheric directional shear values of 0 to 30  and stratospheric directional 
shear values of 0 to 40 . Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom 
respectively. The temperature profile is weakly downward refracting. The PBL lapse rate is set at-2 , the FA at 3 ,  
and the stratosphere at -1 .. Plots are shown for 4 different propagation directions relative to the surface wind direction: 
Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
troposphere is fixed at 6  and 0  in the stratosphere. 
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Figure 40. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile isothermal. Plots are shown for 4 different propagation directions relative to the surface wind direction: 
Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the 
troposphere and stratosphere is fixed at 0 . 
114 
 
 
 
 
 
Figure 41. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile isothermal. Plots are shown for 4 different propagation directions relative to the surface wind direction: 
Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the PBL 
and FA is fixed at  and 0  for the stratosphere. 
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Figure 42. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is isothermal. Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and 
stratosphere is fixed at 0  
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Figure 43. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is isothermal. Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 
6  and 0  for the stratosphere. 
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Figure 44. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The directional shear for the troposphere and stratosphere is fixed at 0 
. 
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Figure 45. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and 0 
 for the stratosphere. 
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Figure 46. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 
4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0  
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Figure 47. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 
4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 48. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . 
Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, 
antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere and stratosphere is 
fixed at 0 . 
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Figure 49. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . 
Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, 
antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at 
 and 0  for the stratosphere. 
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Figure 50. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0  
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Figure 51. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  
for the stratosphere. 
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Figure 52. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is downward refracting. The PBL lapse rate is set at -10 , the FA at 3 ,  and the stratosphere at -
1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere and 
stratosphere is fixed at 0 . 
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Figure 53. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is downward refracting. The PBL lapse rate is set at -10 , the FA at 3 ,  and the stratosphere at -
1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 
perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the PBL and FA is 
fixed at  and the stratosphere is fixed at 0 . 
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Figure 54. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is downward refracting. The PBL lapse rate is set at -10 , the FA at 3 ,  and the stratosphere at -1 . 
Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, 
antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 
0  
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Figure 55. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is downward refracting. The PBL lapse rate is set at -10 , the FA at 3 ,  and the stratosphere at -1 . 
Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, 
antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  
and 0  for the stratosphere. 
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Figure 56. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is weakly downward refracting. The PBL lapse rate is set at -2 , the FA at 3 ,  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the troposphere 
and stratosphere is fixed at 0 . 
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Figure 57. Surface transmission loss for PBL speed shear values of 0 to 25  and FA speed shear values of 0 to 6 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The 
temperature profile is weakly downward refracting. The PBL lapse rate is set at -2 , the FA at 3 ,  and the 
stratosphere at -1 . Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 
90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear for the PBL and FA is 
fixed at  and the stratosphere is fixed at 0 . 
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Figure 58. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is weakly downward refracting. The PBL lapse rate is set at -2 , the FA at 3 , and the stratosphere at -1 
. Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, 
antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 
0  
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Figure 59. Surface transmission loss for PBL directional shear values of 0 to 180   and FA speed shear values of 0 to 36 
. Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature 
profile is weakly downward refracting. The PBL lapse rate is set at -2 , the FA at 3 , and the stratosphere at -1 
. Plots are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, 
antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  
and 0  for the stratosphere. 
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Figure 60. Surface transmission loss for PBL lapse rates of -12 to 12   and PBL speed shear values of 0 to 25 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 61. Surface transmission loss for PBL lapse rates of -12 to 12   and PBL speed shear values of 0 to 25 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL and FA is fixed at  and the stratosphere is fixed at 0 . 
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Figure 62. Surface transmission loss for PBL lapse rates of -12 to 12  and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL, FA, and stratosphere is fixed at 0  
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Figure 63. Surface transmission loss for PBL lapse rates of -12 to 12  and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 64. Surface transmission loss for PBL lapse rates of -12 to 12   and PBL speed shear values of 0 to 25 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 65. Surface transmission loss for PBL lapse rates of -12 to 12   and PBL speed shear values of 0 to 25 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 66. Surface transmission loss for PBL lapse rates of -12 to 12  and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0  
140 
 
 
 
 
 
Figure 67. Surface transmission loss for PBL lapse rates of -12 to 12  and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 68. Surface transmission loss for PBL lapse rates of -12 to 12   and PBL speed shear values of 0 to 25 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 69. Surface transmission loss for PBL lapse rates of -12 to 12   and PBL speed shear values of 0 to 25 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 70. Surface transmission loss for PBL lapse rates of -12 to 12  and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0  
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Figure 71. Surface transmission loss for PBL lapse rates of -12 to 12  and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 72. Surface transmission loss for PBL lapse rates of -12 to 12   and FA speed shear values of 0 to 6  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 73. Surface transmission loss for PBL lapse rates of -12 to 12   and FA speed shear values of 0 to 6  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL and FA is fixed at  and the stratosphere is fixed at 0 . 
147 
 
 
 
 
 
Figure 74. Surface transmission loss for PBL lapse rates of -12 to 12  and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL, FA, and stratosphere is fixed at 0 . 
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Figure 75. Surface transmission loss for PBL lapse rates of -12 to 12  and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the FA and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 76. Surface transmission loss for PBL lapse rates of -12 to 12   and FA speed shear values of 0 to 6  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 77. Surface transmission loss for PBL lapse rates of -12 to 12   and FA speed shear values of 0 to 6  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 78. Surface transmission loss for PBL lapse rates of -12 to 12  and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 79. Surface transmission loss for PBL lapse rates of -12 to 12  and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 80. Surface transmission loss for PBL lapse rates of -12 to 12   and FA speed shear values of 0 to 6  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 81. Surface transmission loss for PBL lapse rates of -12 to 12   and FA speed shear values of 0 to 6  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 82. Surface transmission loss for PBL lapse rates of -12 to 12  and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 83. Surface transmission loss for PBL lapse rates of -12 to 12  and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The FA lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 84. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 85. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL and FA is fixed at  and the stratosphere is fixed at 0 . 
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Figure 86. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL, FA, and stratosphere is fixed at 0 . 
160 
 
 
 
 
 
Figure 87. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 88. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 89. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 90. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 91. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 92. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 93. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 94. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 95. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 96. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 97. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 98. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 99. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 100. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 101. Surface transmission loss for FA lapse rates of 0 to 10   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 102. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 103. Surface transmission loss for FA lapse rates of 0 to 10  and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 104. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 105. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL and FA is fixed at  and the stratosphere is fixed at 0 . 
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Figure 106. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL, FA, and stratosphere is fixed at 0 . 
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Figure 107. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 108. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 109. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 110. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 111. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 112. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
186 
 
 
 
 
 
Figure 113. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 114. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 115. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL lapse rate is set at 3   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 116. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 117. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The directional shear for the PBL and FA is fixed at  and the stratosphere is fixed at 0 
. 
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Figure 118. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 119. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  and the stratosphere at -1 . Plots are shown for 4 different 
propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular 
from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 120. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 121. Surface transmission loss for FA lapse rates of 0 to 10   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 122. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 123. Surface transmission loss for FA lapse rates of 0 to 10  and FA directional shear values of 0 to 36 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2   and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 124. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 125. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL and FA is fixed at  and the stratosphere is fixed at 0 . 
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Figure 126. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL, FA, and stratosphere is fixed at 0 . 
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Figure 127. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 128. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 129. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 130. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 131. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 132. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1  Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 133. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 134. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1  Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 135. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 136. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  , the FA at 3 , and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 137. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  , the FA at 3 , and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 138. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  , the FA at 3 , and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 139. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10  , the FA at 3 , and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  
for the stratosphere. 
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Figure 140. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 141. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL speed shear values of 0 to 25 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 142. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 .  
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 
0 . 
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Figure 143. Surface transmission loss for Cap lapse rates of -12 to 0   and PBL directional shear values of 0 to 180 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0 
 for the stratosphere. 
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Figure 144. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 145. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The directional shear 
for the PBL and FA is fixed at  and the stratosphere is fixed at 0 . 
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Figure 146. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL, FA, and stratosphere is fixed at 0 . 
220 
 
 
 
 
 
Figure 147. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
isothermal in the PBL, FA, and stratosphere. Plots are shown for 4 different propagation directions relative to the surface wind 
direction: Parallel, 90 perpendicular, antiparallel, and 270 perpendicular from left to right respectively. The speed shear for the 
PBL and FA is fixed at 6  and 0  for the stratosphere. 
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Figure 148. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 149. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 150. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1  Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 151. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
upward refracting. The PBL and FA lapse rate is set at 6.5  and the stratosphere at -1  Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 152. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 153. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1 . Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 154. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1  Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 155. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly upward refracting. The PBL and FA lapse rate is set at 3  and the stratosphere at -1  Plots are shown for 4 
different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 270 
perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  for 
the stratosphere. 
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Figure 156. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10 , the FA at 3 , and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 157. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10 , the FA at 3 , and the stratosphere at -1 . Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 158. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10 , the FA at 3 , and the stratosphere at -1  Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 159. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
downward refracting. The PBL lapse rate is set at -10 , the FA at 3 , and the stratosphere at -1  Plots are 
shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, and 
270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0  
for the stratosphere. 
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Figure 160. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The directional shear for the PBL, FA, and stratosphere is fixed at 0 . 
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Figure 161. Surface transmission loss for Cap lapse rates of -12 to 0   and FA speed shear values of 0 to 6 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1 . Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The directional shear for the PBL and FA is fixed at  and the 
stratosphere is fixed at 0 . 
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Figure 162. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1  Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The speed shear for the PBL, FA, and stratosphere is fixed at 
0 . 
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Figure 163. Surface transmission loss for Cap lapse rates of -12 to 0   and FA directional shear values of 0 to 36 . 
Ranges of 10, 50, 100, 150, and 200 km from the source are shown from top to bottom respectively. The temperature profile is 
weakly downward refracting. The PBL lapse rate is set at -2  , the FA at 3 , and the stratosphere at -1  Plots 
are shown for 4 different propagation directions relative to the surface wind direction: Parallel, 90 perpendicular, antiparallel, 
and 270 perpendicular from left to right respectively. The speed shear for the PBL and FA is fixed at 6  and 0 
 for the stratosphere. 
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CHAPTER 4: DISCUSSION AND CONCLUSIONS 
 
When trying to determine the source of an infrasonic signal, knowing the vertical 
temperature and wind profile of the atmosphere is essential due to how much meteorological 
profiles affect propagation. This study examined surface transmission loss and how it responds to 
varying lapse rates and wind shear in different layers of the atmosphere. All simulations were run 
with a 5 Hz infrasonic signal. This signal was chosen as a representative sample within the 
frequency range of interest. This chapter provides a discussion and conclusions for each test 
presented in the previous chapter.  
4.1 TEMPERATURE: DISCUSSION AND CONCLUSIONS 
The effects of simplified temperature profiles, excluding wind, were first examine to 
obtain a basic comprehensive understanding of solely temperature on surface TL without 
concern for simulating a realistic atmosphere. Each layer in the three and four-layer atmospheric 
model was methodically tested for its individual effect on surface TL in differing linear 
temperature profiles. The results from these simulations allowed for the simplification of later, 
more complicated tests. First, the stratosphere, FA, and PBL were examined consecutively in 
Tests 1-3. A shallow fourth layer was then added in Tests 4 and 5 to investigate the addition of 
shallow capping and frontal/subsidence inversions in the troposphere. Lastly, contour plots 
provided a better visualization and quantification of the relative effects of lapse rates in two 
different layers in Tests 6-9. The details of Tests 1-9 can be referenced in Tabs. 3, 4, and 5. 
4.1.1 Tests 1-5  
Starting with systematically testing each layer of the atmosphere provided a good 
understanding of each layer’s importance to the TL measured at the surface. It was first 
determined that surface TL exceeding 140 dB was too much for any realistic signal to initially be 
strong enough that it would be detectable after a 140 dB reduction in level. Because of this, 
surface TL was truncated at 140 dB for all remaining tests. The stratosphere was then able to be 
ruled out for additional testing in Test 1 by determining that it has virtually no effect on surface 
TL over horizontal ranges up to 200 km. This allowed the stratospheric lapse rate to be fixed at -
1 C/km to better focus in on the other layers. Test 2 examined the FA next and found it to have 
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little effect on surface TL, especially above downward refracting PBL’s (e.g. nocturnal 
inversions), but that it could have an impact at shorter ranges (~50 km) for an upward refracting 
PBL. It was then concluded in Test 3 that the PBL significantly affects surface TL, especially for 
negative lapse rates. This suggests that surface TL is lower in the late hours of the night due to 
stronger nocturnal inversions.  
Next, a 250 meter-deep capping inversion was added just above the PBL at 1 km in Test 
4. Stronger capping inversion lapse rates exhibited noticeably stronger downward refraction, 
which resulted in significantly higher spatial variability in surface TL. It was found that weaker 
positive PBL lapse rates allowed capping inversions to affect surface TL more significantly and 
varying negative PBL lapse rates has little effect during a nocturnal inversion. Test 4 showed that 
not only is the strength of a capping inversion important, but differing strengths of PBL lapse 
rates below the cap have a considerable impact on surface TL, especially for upward refracting 
PBL’s. Ultimately, the presence of a capping inversion was shown to have a noticeable effect on 
surface TL at shorter ranges (less than 75 km). Results were similar when the inversion layer was 
moved to an altitude of 4 km to simulate a subsidence inversion in Test 5. It was concluded that 
the effect on surface TL from varying inversion lapse rates decreases with higher inversion 
altitudes.  
4.1.2 Tests 6-9 
The contour plots provided insight into the importance of one layer compared to another. 
Comparing the PBL and FA in Tests 6 and 7 showed that the PBL is the most dominant factor in 
determining surface TL and that there is no effect from the FA. It was concluded that PBL lapse 
rates between 6 and 0 ºC/km require more accurate estimations to predict surface TL, especially 
at longer ranges and that varying the strength of the nocturnal inversion has virtually no effect on 
surface TL. The PBL was compared to the capping inversion in Test 8, which showed that a 
capping inversion may have a slight influence on surface TL above an upward refracting PBL. 
Varying the PBL lapse rate once it became negative did not change the surface TL for Tests 6-8. 
These tests provided good evidence that lower altitudes have the most influence on local 
infrasound propagation. Test 9 compared lapse rates in the FA to capping inversion lapse rates 
and found that the FA may have some effect above a capping inversion when the PBL is upward 
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refracting. The FA and capping inversion have a negligible effect on surface TL if the PBL is 
downward refracting, however. This suggests that lapse rates in these layers do not need to be 
accurately estimated during the existence of a nocturnal inversion. 
4.2 WIND: DISCUSSION AND CONCLUSIONS 
 The relative effects of varying wind shear in two different layers was investigated next 
using contour plots that allowed layer wind shear to vary on the x and y-axes. The goal was to 
not only assess how surface TL behaves in varying shear profiles, but also to identify the effects 
of differing propagation directions relative to the surface wind. Test 10 compared wind shear in 
the troposphere (PBL + FA) to the stratosphere. Test 11 compared wind shear in the PBL to the 
FA. Four different propagation directions for four different wind profiles coupled with five 
different temperature profiles were examined for a total of 80 simulations for each test. A more 
detailed description of Tests 10 and 11 can be found in Sec. 2.3.4. 
4.2.1 Test 10  
  
 Refraction owing to wind shear clearly has a large impact on surface TL as varying wind 
shear in both layers can heavily influence surface TL. Test 10 has compared these refractive 
effects in the troposphere to the stratosphere. At 10 km, there is no effect from varying wind 
shear in the stratosphere and any effects from the troposphere are slight. Longer ranges are 
highly affected, however, ranges less than 100 km are unaffected by the stratosphere if there is 
no directional shear. Also, without directional shear, the isothermal and downward refracting 
temperature profiles exhibit upward refraction for increasing tropospheric speed shear while the 
upward refracting temperature profiles exhibit a downward refracting effect. Also, at longer 
ranges, positive stratospheric speed shear results in downward refraction when coupled with 
upward refracting temperature profiles. Conversely, for the isothermal temperature profile, 
negative stratospheric speed shear results in downward refraction in the antiparallel propagation 
direction. These effects only occur in the parallel and antiparallel propagation directions as the 
perpendicular directions are unaffected by wind shear if directional shear is 0 º/km in all 
atmospheric layers. Adding strong directional shear to the troposphere actually removed any 
significant influence from varying stratospheric speed shear in the antiparallel propagation 
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direction. Because the only effect of adding strong directional shear in the two perpendicular 
directions comes from varying troposphere speed shear, the parallel direction is the only 
propagation direction that exhibits stratospheric speed shear effects. Positive speed shear in the 
stratosphere has a downward refracting effect on surface TL in the parallel propagation direction.  
 
For the upward refracting temperature profiles, varying directional shear without speed 
shear does not have a strong enough downward refracting effect to overcome the upward 
refraction from the positive lapse rates in the troposphere as surface TL quickly exceeds 140 dB 
in all propagation directions. The downward refracting temperature profiles exhibit virtually no 
stratospheric effects for all wind profiles, propagation directions, and ranges except when 
varying directional shear with strong speed shear fixed at 6 m s
-1 
km
-1
 in the troposphere. In this 
case, the antiparallel propagation direction exhibits strong upward refraction for weak to zero 
tropospheric and stratospheric directional shear at ranges greater than 50 km with the weakly 
refracting temperature profiles (isothermal, weakly upward and weakly downward). The stronger 
negative lapse rates associated with the strong downward refracting temperature profile 
significantly lessen these effects as there is only slight influence from varying stratospheric 
directional shear, which only occurs with weak to zero tropospheric directional shear. For the 
strong upward refracting temperature profile, varying directional shear in both layers heavily 
affects surface TL in the antiparallel and two perpendicular propagation directions when strong 
speed shear exists in the troposphere. In the 270º perpendicular propagation direction, surface TL 
is maximized for weak directional shear in both layers when the temperature profile is isothermal 
or weakly upward refracting. Surface TL is most heavily affected by the troposphere and 
stratosphere when strong speed shear exists in combination with directional shear in the 
troposphere. When this occurs, the vertical wind profile must be accurately known to obtain any 
information about the source of a received infrasonic signal.   
 
4.2.2 Test 11 
 
 Test 11 compared wind shear in the PBL to wind shear in the FA to determine the 
relative importance of each layer in determining TL at the surface. Consistent with expectations, 
the perpendicular propagation directions are unaffected by wind if there is no directional shear. 
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Any amount of PBL speed shear in the parallel propagation direction results in strong downward 
refraction as best illustrated by the upward refracting temperature profiles. Also, in the parallel 
propagation direction, increasing FA speed shear has a downward refracting effect when PBL 
speed shear is 0 m s
-1
 km
-1
. This effect is greatest for more upward refracting temperature 
profiles and virtually nonexistent with the strong downward refracting temperature profile. In the 
antiparallel propagation direction, just 5 m s
-1
 km
-1
 of PBL speed shear results in strong upward 
refraction for an isothermal temperature profile. Strong FA and PBL shear combined has a 
downward refracting effect when coupled with non-zero lapse rates, especially strong upward 
refracting temperature profiles. When strong directional shear is added, the parallel propagation 
is relatively unaffected and the 90  perpendicular propagation direction takes on similar effects 
as the parallel direction as increasing FA speed shear has a downward refracting effect in the 
absence of PBL speed shear. For upward refracting temperature profiles, increasing PBL and FA 
speed shear in the antiparallel and 270  perpendicular propagation direction has a downward 
refracting effect. For the isothermal and strong downward refracting temperature profiles there is 
no clear recognizable correlation between changes in FA or PBL speed shear and surface TL. All 
possible speed shear profiles do not result in significant upward refraction. Since TL is relatively 
low, this suggests that all possible speed shear profiles are within a downward refracting regime. 
This is true in the antiparallel propagation direction with the weak downward refracting 
temperature profile, however, in the 270  perpendicular direction, speed shear of 5 m s
-1
 km
-1
 in 
the PBL and 0 m s
-1
 km
-1
 in the FA is strongly upward refracting. 
 
 For all temperature profiles except isothermal, all propagation directions exhibit no 
effects from varying FA directional shear in the absence of speed shear. If the temperature 
profile is isothermal, however, the parallel and 270  perpendicular directions exhibit downward 
refraction for strong PBL and FA directional shear. When strong directional shear is added, 
upward refraction is maximized when PBL directional shear is strong and there is no FA 
directional shear in the parallel propagation direction. In the antiparallel propagation direction, 
upward refraction is maximized when there is no directional shear in both layers. This suggests 
that increasing PBL directional shear has an upward (downward) refracting effect in the parallel 
(antiparallel) propagation direction if strong speed shear exists. For the upward refracting 
temperature profiles, all non-zero directional shear in both layers has a downward refracting 
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effect in the 90  perpendicular propagation direction. For the isothermal and downward 
refracting temperature profiles, the effect of varying FA directional shear is minimal, however, 
some slight variation in surface TL results from varying FA directional shear if the directional 
shear in the PBL is weak. in the 270  perpendicular propagation direction, strong upward 
refraction occurs for weak to strong PBL directional shear and weak to zero FA directional shear. 
The strong upward refracting temperature profile, however, exhibits different results as surface 
TL is highly variable for differing FA directional shear. 
 
4.3 WIND SHEAR VS. TEMPERATURE: DISCUSSION AND CONCLUSIONS 
 
Finally, the relative effects of varying wind shear and lapse rates in two different layers 
was investigated using contour plots that allowed layer wind shear to vary on the y-axis and layer 
lapse rate to vary on the x-axis. The goal was to better assess how changes in lapse rate in one 
layer may affect surface TL under varying shear conditions and for different propagation 
directions relative to the surface wind. Tests 12 and 13 compared PBL lapse rate to wind shear in 
the PBL and FA, respectively. Tests 14 and 15 compared FA lapse rate to wind shear in the PBL 
and FA, respectively. Lastly, Tests 16 and 17 compared capping inversion lapse rate to wind 
shear in the PBL and FA, respectively. Four different propagation directions for four different 
wind profiles coupled with five different temperature profiles were examined for a total of 80 
simulations for Tests 14-17. Tests 12 and 13, however, only compare 3 different temperature 
profiles since PBL lapse rate is allowed to vary in these tests. A more detailed description of 
these tests can be found in Sec. 2.3.5. 
 
4.3.1 Test 12 
 
Simulations that allow PBL speed shear to vary with no directional shear are nearly 
identical for all temperature profiles. There is no effect from varying PBL speed shear in the 
perpendicular propagation directions. In the parallel direction, increasing PBL speed shear is 
strongly downward refracting. Even weak PBL speed shear is enough to overcome the upward 
refracting positive lapse rates. The opposite affect occurs in the antiparallel propagation 
direction. Increasing PBL speed shear is strongly upward refracting so that even weak PBL 
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speed shear is enough to overcome the downward refracting negative lapse rates. When strong 
directional shear is added, the parallel propagation directional is virtually unaffected and the 90º 
perpendicular propagation direction exhibits similar results to the parallel direction as increasing 
PBL speed shear has a strong upward refracting effect when PBL lapse rates are positive. The 
effects of adding strong directional shear seen in these two propagation directions are consistent 
for all temperature profiles. The antiparallel and 270º perpendicular propagation directions differ 
between temperature profiles. For the isothermal profile, in the antiparallel direction, all 
combinations of PBL lapse rate and speed shear fall within a downward refracting regime except 
for the strongest PBL lapse rates when there is no PBL speed shear. When the temperature 
profile is upward refracting, PBL speed shear is upward refracting for weak speed shear, but 
downward refracting for moderate to strong speed shear. This is true for the weakly upward 
refracting temperature profile, however, only at 50 km. At ranges greater than 50 km, the effects 
become similar to the parallel and 90º perpendicular propagation directions. In the 270º 
perpendicular propagation direction, the effects are similar to the parallel and 90º perpendicular 
directions for the isothermal temperature profile. When the temperature profile is upward 
refracting, however, surface TL exceeds 140 dB for all PBL speed shear values and positive PBL 
lapse rates. When the PBL lapse rate is negative, increasing PBL speed shear has an upward 
refracting effect for zero to moderate PBL speed shear values, but is downward refracting when 
PBL speed shear is strong. When the temperature profile is weakly upward refracting, weak to 
strong PBL speed shear is able to overcome the upward refraction of positive PBL lapse rates. 
  
Simulations that allow PBL directional shear to vary with no speed shear are nearly identical 
for all temperature profiles. In the parallel propagation direction, increasing PBL directional 
shear is upward refracting when PBL lapse rates are negative. Surface TL exceeds 140 dB for 
positive PBL lapse rates. In the antiparallel and 90º perpendicular propagation directions, 
increasing PBL directional shear is downward refracting. In the 270º perpendicular propagation 
direction, increasing PBL directional shear from 0 to 90 º/km is upward refracting, but 
downward refracting from 90 to 180 º/km when PBL lapse rates are weak. The effects from 
varying PBL directional shear are much less significant than varying PBL speed shear. When 
strong speed shear is added, the effects are virtually identical for the isothermal and weakly 
upward refracting temperature profiles. In the parallel propagation direction, increasing PBL 
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directional shear from 60 to 180 º/km is upward refracting. The effects seen in the 90º 
perpendicular direction are similar to the simulations that allow PBL speed shear to vary with 
strong directional shear as increasing PBL directional shear has a strong upward refracting effect 
when PBL lapse rates are positive. In the antiparallel propagation direction, increasing PBL 
directional shear has a downward refracting effect. The 270º perpendicular propagation direction 
is similar to the simulations with no speed shear, however, the effects are varying PBL 
directional shear are more significant. The upward refracting temperature profile exhibits 
different results for all propagation direction directions except the 90º perpendicular direction. 
Moderate values of PBL directional shear in the parallel propagation direction is upward 
refracting when PBL lapse rates are positive while weak and strong values of PBL directional 
shear is downward refracting. The antiparallel direction is similar to the parallel direction for 
positive PBL lapse rates, however, weak PBL directional shear is upward refracting for weak to 
moderate negative PBL lapse rates. In the 270º perpendicular propagation direction, increasing 
PBL directional shear alternates between upward and downward refracting effects as surface TL 
is highly sensitive to PBL directional shear. 
 
4.3.2 Test 13 
 
 For simulations that allow FA speed shear to vary without directional shear, the 
perpendicular propagation directions exhibit no influence from wind. In fact, the antiparallel 
propagation exhibits no influence from FA speed shear for the isothermal and weakly upward 
refracting temperature profiles, however, strong FA speed shear has enough of a downward 
refracting effect to overcome the upward refraction from positive PBL lapse rates for the 
stronger upward refracting temperature profile. In the parallel propagation direction, weak FA 
speed shear is enough for downward refraction with positive PBL lapse rates for the isothermal 
temperature profile. This same effect occurs for the upward refracting temperature profiles, 
however, for stronger FA speed shear. When strong directional shear is added, the parallel 
propagation direction is unaffected and the two perpendicular directions exhibit similar effects to 
the parallel direction for the isothermal temperature profile. In the antiparallel direction, all 
combinations of PBL lapse rate and FA speed shear fall within a downward refracting regime 
except for the strongest PBL lapse rates when there is no PBL speed shear. For the upward 
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refracting temperature profiles, all propagation directions exhibit similar effects. Moderate 
(strong) FA speed shear is required to overcome the upward refraction of positive PBL lapse 
rates for the weakly (strongly) upward refracting temperature profile. 
 
 For simulations that allow FA directional shear to vary without speed shear, FA 
directional shear has no effect on surface TL for the upward refracting temperature profiles. This 
is true in the parallel propagation direction for the isothermal temperature profile, however, 
increasing FA directional shear has a downward refracting effect in the other three directions. 
This effect is relatively slight in the two perpendicular directions, however. When strong speed 
shear is added, the effects in the parallel and 90º perpendicular are similar across all temperature 
profiles. In the parallel direction, all possible combinations of FA directional shear and PBL 
lapse rate are within a downward refracting regime. In the 90º perpendicular propagation 
direction, weak FA speed shear results in downward refraction for positive PBL lapse rates. The 
antiparallel direction exhibits similar results for the upward refracting temperature profiles. 
Moderate to strong FA directional shear is downward refracting. Weak FA directional shear, 
however, results in upward refraction except for strong negative PBL lapse rates. This is true for 
the isothermal temperature profile, but for weak to zero FA directional shear. The 270º 
perpendicular propagation direction exhibits similar results for the isothermal and weakly 
upward refracting temperature profiles. FA directional shear does not have a significant 
influence on surface TL for negative PBL lapse rates, however, strong FA directional shear has 
enough of a downward refracting effect to overcome the upward refracting positive PBL lapse 
rates. Again, FA directional shear has no influence on surface TL when PBL lapse rates are 
negative for the strongly upward refracting temperature profile. When PBL lapse rates are 
positive, however, surface TL is highly sensitive to FA directional shear as increasing FA 
directional shear alternates between upward and downward refracting effects. 
 
 4.3.3 Test 14 
 
 In this test, it is clear that the differing temperature profiles have no effect on the relative 
influence of varying PBL wind shear and FA lapse rate. Surface TL values are shifted, however, 
the effects are consistent across all temperature profiles. The perpendicular propagation 
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directions are unaffected by PBL speed shear and all propagation directions exhibit no influence 
from lapse rates in the FA if there is no directional shear. Increasing PBL speed shear has a 
significant downward (upward) refracting effect in the parallel (antiparallel) propagation 
direction. When strong directional shear is added, the parallel propagation direction is unaffected 
as PBL speed shear still has a downward refracting effect. The 90º perpendicular propagation 
direction is similar to the parallel direction as PBL speed shear has a significant downward 
refracting effect. In the antiparallel direction, upward refraction is maximized for weak to 
moderate PBL speed shear and strong FA lapse rates and downward refraction exists for strong 
PBL speed shear and weak FA lapse rates. In the 270º perpendicular propagation direction, 
surface TL is maximized for strong FA lapse rates and PBL speed shear. This is best illustrated 
for the downward refracting temperature profile (Fig. 97).  
  
 For simulations that allow PBL directional shear to vary with no speed shear, influence 
from varying FA lapse rates is minimal in all propagation directions. Increasing PBL directional 
shear has a downward refracting effect in the antiparallel and 90º perpendicular propagation 
directions that is most prominent with the upward refracting temperature profiles. Increasing 
PBL directional shear has an upward refracting effect in the parallel propagation direction. In the 
270º perpendicular direction, increasing PBL directional shear is upward refracting from 0 to 90 
º/km then downward refracting from 90 to 180 º/km. This is most clearly observed with the 
isothermal and weakly downward refracting temperature profiles. When strong speed shear is 
added, the 90º perpendicular propagation direction still exhibits no influence from lapse rates in 
the FA. Also, increasing PBL direction still has a downward refracting effect, albeit more 
significant. In the parallel propagation direction, upward refraction occurs for strong PBL 
directional shear and weak FA lapse rates. Weak FA lapse rates and PBL directional shear is 
where the strongest upward refraction occurs in the antiparallel propagation direction. 
Specifically, surface TL is maximized for 60 º/km of PBL directional shear as surface TL 
exceeds 140 dB even when FA lapse rates are strong. In the 270º perpendicular direction, the 
strongest upward refraction occurs for moderate PBL directional shear and weak to moderate FA 
lapse rates. This is best observed in the simulations with the downward refracting temperature 
profile. By examining the same propagation direction for the other temperature profiles, it is 
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evident that the strongest downward refraction exists for moderate PBL directional shear when 
FA lapse rates are strong. 
 
4.3.4 Test 15 
 
Similar to Test 14, it is clear that the differing temperature profiles have no effect on the 
relative influence of varying FA wind shear and FA lapse rate as the effects are consistent across 
all temperature profiles. These effects are most evident in the upward refracting temperature 
profiles (Figs. 108-115). The negative PBL lapse rates associated with the downward refracting 
profiles dominate over wind and temperature in the FA. The exception being simulations that 
allow FA directional shear to vary with strong speed shear where the antiparallel propagation 
direction exhibits effects consistent with the other temperature profiles. 
 
Consistent with prior simulations, speed shear has no influence on surface TL in the 
perpendicular propagation directions when there is no directional shear. In the parallel 
propagation direction, increasing FA speed shear has a downward refracting effect that is 
maximized for weak FA lapse rates. A similar affect occurs in the antiparallel propagation 
direction, however, downward refraction is maximized for strong FA lapse rates and directional 
shear. When strong directional shear is added, the parallel propagation direction is unaffected 
and the other directions exhibit similar effects to the parallel direction. The antiparallel direction 
is a little different as strong FA speed shear results in downward refraction for strong FA lapse 
rates. 
 
For simulations that allow FA directional shear to vary without speed shear, the effects 
are minimal for all propagation directions. The 90º perpendicular and antiparallel directions, 
however, exhibit downward refraction from strong FA directional shear for very weak FA lapse 
rates. The most significant effects of varying FA directional shear exist when speed shear is fixed 
at 6 m s
-1
 km
-1
 in the troposphere. The parallel propagation direction is downward refracting for 
all FA directional shear and lapse rates. The same effects are evident in the 90º perpendicular 
direction, however, for all non-zero FA directional shear as all FA lapse rates exceed 140 dB 
when FA directional shear is 0 º/km. In the antiparallel propagation direction, moderate to strong 
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FA directional shear results in downward refraction while weak directional shear is upward 
refracting. Interestingly, strong FA lapse rates are downward refracting if FA directional shear is 
0 º/km. These effects are equivalent in the 270º perpendicular propagation direction, but shifted 
toward higher FA directional shear values. 
 
4.3.5 Test 16 
 
Test 16 compared capping inversion lapse rates to wind shear in the PBL. Overall, the 
capping inversion has minimal influence on surface TL compared to wind shear in the PBL. 
When PBL speed shear is allowed to vary with no directional shear, all temperature profiles 
exhibit similar effects. In the parallel propagation direction, non-zero PBL speed shear results in 
downward refraction whereas the result is strongly upward refracting in the antiparallel 
propagation direction. Adding strong directional shear has virtually no effect on the parallel 
propagation direction for all temperature profiles. The 90º perpendicular propagation direction is 
within a downward refracting regime for all temperature profiles except the strong upward 
refracting profile. In this case, the effects are similar to the parallel propagation direction as non-
zero PBL speed shear is downward refracting. The 270º perpendicular propagation direction 
exhibits different effects for different temperature profiles. At 50 km, upward refraction occurs 
for moderate PBL speed shear with the weakly upward and weakly downward refracting 
temperature profiles. At ranges greater than 50 km, moderate to strong PBL speed shear is 
downward refracting with the weakly upward refracting temperature profile. For the weakly 
downward refracting temperature profile, PBL speed shear of 5 m s
-1
 km
-1
 is upward refracting at 
ranges greater than 50 km. For the isothermal profile, weak PBL speed shear is upward 
refracting at 50 km. At 100 km, non-zero PBL speed shear is downward refracting and ranges 
greater than 100 km are within a downward refracting regime for all PBL speed shear and 
capping inversion lapse rates. With the strong upward refracting temperature profile, ranges 
greater than 10 km exhibit surface TL exceeding 140 dB. All ranges are within a downward 
refracting regime for the strong downward refracting temperature profile, which is true in the 
antiparallel propagation direction as well. The weakly downward refracting temperature profile 
exhibits downward refraction at ranges greater than 50 km in the antiparallel propagation 
direction. At 50 km, however, PBL speed shear of 5 m s
-1
 km
-1
 is upward refracting for weak 
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capping inversions. This occurs with the weakly upward refracting temperature profile as well, 
however, weak capping inversion lapse rates with no PBL speed shear are upward refracting at 
ranges greater than 50 km. 
 
For simulations that allow PBL directional shear to vary with no speed shear, all 
propagation directions are downward refracting with the strong downward refracting temperature 
profile. The effects in the parallel and 270º perpendicular propagation directions are similar for 
the isothermal and both weakly refracting temperature profiles. Increasing PBL speed shear 
results in upward refraction in the parallel propagation direction. In the 270º perpendicular 
propagation direction, upward refraction is maximized for moderate PBL directional shear and 
weak capping inversions. Surface TL exceeds 140 dB in these propagation directions with the 
strong upward refracting temperature profile. The antiparallel and 90º perpendicular propagation 
directions are within a downward refracting regime with the isothermal and weakly downward 
refracting temperature profiles. For the upward refracting temperature profiles, increasing PBL 
directional shear has a downward refracting effect in the antiparallel and 90º perpendicular 
propagation directions. When strong speed shear is added to the troposphere, the parallel and 
antiparallel propagation directions are downward refracting for the strong downward refracting 
temperature profile. For the isothermal and both weakly refracting temperature profiles, upward 
refraction occurs when increasing (decreasing) PBL directional shear above (below) 90 º/km. For 
all temperature profiles except the strong upward refracting profile, PBL directional shear from 
30 to 150 º/km results in strong upward refraction. The strong upward refracting temperature 
profile exhibits different results than the other temperature profiles. In the parallel (antiparallel) 
propagation direction, moderate (weak) direction shear results in upward refraction. In the 270º 
perpendicular direction, moderate PBL directional shear has a downward refracting effect, which 
is opposite to the other temperature profiles. For both upward refracting temperature profiles, 
increasing PBL directional shear in the 90º perpendicular propagation direction has a strong 
downward refracting effect. 
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4.3.6 Test 17 
 
Finally, Test 17 compared capping inversion lapse rates to wind shear in the FA. All 
propagation directions exhibit a downward refracting regime with the strong downward 
refracting temperature profile. The one exception is in the antiparallel direction for simulations 
that allow FA directional shear to vary with strong speed shear. Here, FA directional shear less 
than 12 º/km was weakly upward refracting. This occurred with the weaker downward refracting 
temperature profile as well. The difference with this temperature profile was that the 270º 
perpendicular propagation direction exhibited slight upward refraction if there was no capping 
inversion and FA directional shear for simulations that allowed FA speed shear to vary with 
strong directional shear.  
 
Simulations that allowed FA speed shear to vary with no directional shear exhibited a 
downward refraction in all propagation direction with the isothermal temperature profile. The 
upward refracting temperature profiles exhibited downward refracting in the parallel propagation 
direction for increasing FA speed shear and decreasing capping inversion lapse rate. This same 
effect was evident in the antiparallel propagation direction with the stronger upward refracting 
temperature profile. The weaker upward refracting temperature profile, however, exhibited 
downward refraction for strong capping inversion and weak FA speed shear combined. The two 
perpendicular propagation directions exhibited no influence from FA speed shear with the 
weaker upward refracting temperature profile. Surface TL exceeded 140 dB at ranges greater 
than 50 km in these propagation directions with the stronger upward refracting temperature 
profile. When strong directional shear is added, the antiparallel and 90º perpendicular 
propagation directions were in a downward refracting regime for all combinations of FA speed 
shear and capping inversion lapse rate. The parallel and 270º perpendicular directions, however, 
exhibited some signs of upward refraction for zero FA speed shear and no capping inversion. 
The parallel and antiparallel propagation directions were virtually unaffected by adding strong 
directional shear with the stronger upward refracting temperature profile. In the 270º 
perpendicular propagation direction, strong FA speed shear resulted in downward refraction. The 
90º perpendicular direction exhibited similar effects however decreasing capping inversion lapse 
rate had a downward refracting effect for weaker FA speed shear. The effects with the weaker 
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upward refracting temperature profile are similar to the stronger upward refracting profile in all 
propagation direction except the 90º perpendicular direction, which exhibited downward 
refraction for all FA speed shear and capping inversion lapse rates.  
 
For simulations that allow directional shear to vary with no speed shear, all propagation 
directions were within a downward refracting regime for the isothermal temperature profile. 
With the stronger upward refracting temperature profile, all propagation directions exceeded 140 
dB at ranges greater than 50 km. at 50 km, there was no influence from varying FA directional 
shear. The parallel and antiparallel propagation directions also exhibited no influence from 
varying FA directional shear with the weaker upward refracting temperature profile. In the 90º 
(270º) perpendicular propagation direction, increasing FA directional shear had a slight upward 
(downward) refracting effect. When strong speed shear is added, all propagation directions other 
than the antiparallel direction were within a downward refracting regime for all FA directional 
shear and capping inversion lapse rates with the isothermal temperature profile. In the 
antiparallel propagation direction, moderate to strong FA directional shear had a downward 
refracting effect on surface TL, which occurred with the weakly upward refracting temperature 
profile as well. For the upward refracting temperature profiles, the parallel propagation direction 
exhibits downward refraction and non-zero FA directional shear was downward refracting in the 
90º perpendicular propagation direction. In the antiparallel direction, weak FA directional shear 
was strongly upward refracting with the stronger upward refracting temperature profile. Surface 
TL was highly sensitive to FA directional shear in the 270º perpendicular propagation direction 
as increasing FA directional shear alternates between upward and downward refracting effects. 
With the weaker upward refracting temperature profile, however, strong FA directional shear 
resulted in downward refraction. Also, decreasing capping inversion lapse rates had a downward 
refracting effect if the FA directional shear was weak. 
 
4.4 CONCLUSION 
 
 When trying to determine the source of an infrasonic signal, knowing the vertical 
temperature and wind profile of the atmosphere is essential due to how much meteorological 
profiles affect propagation. This study has not only confirmed this, but obtained an 
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understanding of the minimum and maximum refracting effects of all possible wind and 
temperature profiles and how they influence surface TL. All simulations were run with a 5 Hz 
infrasonic signal as a representative sample within the frequency range of interest.  
 
 Chapter 3 began by investigating temperature effects without the influence of wind. 
Lapse rates in the stratosphere were not found to have an effect on surface TL while, in the FA, 
they may have slight effects at short ranges (less than ~50 km). Lower altitudes are clearly the 
dominant influence on surface TL as effects seen in the PBL are far more significant than the 
other layers. Capping inversions also have a notable effect, albeit at shorter ranges. Investigating 
the frontal/subsidence inversion higher in the FA revealed that higher inversions have a reduced 
effect.  
 
 The effects of wind are clearly significant and can be complicated, particularly when 
speed and directional shear exist in tandem. Testing wind shear under an isothermal profile 
provided good insight into the effects of solely wind on surface TL. All layers of the three-layer 
model can significantly affect surface TL in all propagation directions. If there is no directional 
shear, however, wind has no effect in the perpendicular propagation directions. Isolating speed 
shear revealed that it has a downward refracting effect in the parallel propagation direction and 
an upward refracting effect in the antiparallel direction. Directional shear has a much less 
predictable effect on surface TL as the relationship to sound speed is non-linear. This is 
exacerbated when coupled with speed shear.  
 
 An understanding of the relative effects of wind shear and lapse rate emerge through a 
direct comparison of these parameters in differing layers of the atmosphere. In the PBL, speed 
shear clearly dominates over lapse rates. Conversely, lapse rates have more influence on surface 
TL compared to directional shear. Even the downward refracting effects of speed shear in the FA 
dominate over PBL lapse rates. Directional shear in the FA may have some influence over PBL 
lapse rates in the antiparallel and perpendicular propagation directions if PBL lapse rates are 
positive and the FA is isothermal, however, the effects are negligible for realistic temperature 
profiles in the FA. Both speed and directional shear in the PBL dominate over any effects from 
varying lapse rates in the FA. The effects of lapse rate and speed shear in the FA are comparable, 
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however, directional shear has minimal influence on surface TL compared to lapse rates. Any 
influence from FA directional shear occurs when lapse rates in the FA are weaker than 2 ºC/km 
for the entire depth of the FA, which is not realistic. The effects of speed shear in the PBL 
dominate over varying capping inversion lapse rates, however, when compared with PBL 
directional shear, the capping inversion did have a slight downward refracting effect. FA speed 
shear and a capping inversion had comparable effects when directly compared, however, the 
influence of directional shear on surface TL was minimal as the capping inversion exhibited a far 
more significant affect. Overall, wind is far more impactful and it is clear that knowing the 
vertical wind profile is essential for determining the source of a received infrasonic signal. If 
wind shear is weak or non-existent, however, knowing lapse rates in lower altitudes, i.e. the 
PBL, to a high degree of accuracy is necessary. 
 
The author recognizes that only considering one frequency is an incomplete 
representation of the infrasound frequency range. The effects of multiple frequencies within the 
range of 1 – 10 Hz will be considered in future work. The results of this very simplified study 
will be compared to experimental data in the future.  
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